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An advection – diffusion balance was used to calculate the diapycnal vertical mixing
between water masses required to maintain the density stratification in the Arctic Ocean. A
box model bounded by a velocity field created from hydrographic measurements at the
gateways of the Arctic (Bering, Davis and Fram Strait and the Barents Sea Opening) was
used, and the properties in the interior of the Arctic estimated from a climatology dataset
(PHC). The density gradient, volume flux, vertical velocity, diapycnal diffusivity, and
dissipation rate were calculated. A weak vertical velocity of 10-7 ms-1 and a weak
diapycnal mixing of ~2 x 10-6 m2 s-1 were found in the upper layers of the Arctic up to 200
m depth, likely due to weak turbulent mixing resulting from double diffusion, and
consistent with microstructure measurements. An apparent negative diffusivity was found
in the bottom layers. This is likely due to the effects of the warm, salty Atlantic Water
inflow, of which 3.37 Sv enters the Arctic and is diapycnally transported into its adjacent
layers, causing buoyancy loss from down-slope convection and densification of water.
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1. Introduction
1.1 Aims & Project Rationale
The aims of this project are to estimate the turbulent vertical mixing with depth and the
energy required to sustain this mixing in the Arctic Ocean using hydrographic data. A
secondary aim is to analyze its origin by comparing it with the sources available to power
this dissipation (mainly tides and wind).
Turbulent mixing transfers heat downward into the deep ocean and balances the cooling
caused by deep water formation. Mixing is related through the buoyancy and vorticity
equations to horizontal circulation and the intensity of upwelling. Vertical mixing
estimates are very important and are required for numerical circulation models, predicting
dispersion and for understanding the global circulation.
Direct measurements of mixing are generally unable to be used to define basin-scale
averages as measurements are too sparse for large spatial areas. There are two fundamental
methods to calculate eddy diffusivities indirectly from climatology data: approximating
them from turbulence properties or by fitting an advection-diffusion equation to
observations. During this project, an advection-diffusion equation was used.
The structure of the report is as follows: The first section is a review on the Arctic Ocean
and its circulation followed by a summary of some the results from the Tsubouchi et al.
(2012) paper on which this work is based, and an analysis of previous work on Arctic
volume and heat transport. A literature review on mixing and deep water formation in the
Arctic Ocean follows. The Methodology section describes the equations and model used,
as well as the limitations and includes a brief summary of the data. The results are
presented in Section 3 and discussed in Section 4, where they are compared with recent
1

Microstructure Measurements in the Arctic by Rippeth et al. (2015). Finally, Section 5 is a
brief summary and conclusion of this work, with a few suggestions of possible further
work.

1.2 Literature Review
1.2.1 The Arctic Ocean
The Arctic Ocean is a semi-enclosed marginal sea that connects with the North Atlantic
and Pacific Oceans through several shallow and/or narrow passages (Figure 1). It is
composed mainly of two basins – the Eurasian and Amerasian Basins, separated by the
Lomonosov Ridge, and surrounded by extensive shelf areas. It connects with the North
Atlantic Ocean by the relatively deep and narrow Fram Strait (depth of ~ 2600 m) and the
shallower Barents Sea (200 – 300 m), as well as a network of narrow straits in the
Canadian Arctic Archipelago (CAA), which empty in the 360 km wide and 650 m deep
Davis Strait. Communication between the Arctic and the Pacific Ocean is restricted by the
shallow (~50 m) and narrow (~85 km) Bering Strait.
The largest oceanic heat input to the Arctic Ocean results from the Atlantic Water (AW)
inflow from the North Atlantic Ocean through the eastern part of Fram Strait and the
Barents Sea Opening (BSO). Its relatively high salinity, and thus density, leads it to enter
the Arctic at intermediate depths, between 200 and 400 m, after which it circulates
cyclonically and topographically driven around the basin (Rudels et al. 1999; Aksenov et
al. 2011, Spielhagen et al. 2011). Its core is ~4 oC warmer than the overlying cold fresh
halocline and surface mixed water and this creates a strong stratification which limits the
penetration of surface-generated turbulence and isolates the ice cover from the AW heat.
The Arctic Ocean exports fresh buoyant surface waters as freshened cold seawater and sea
ice to the North Atlantic through Fram Strait and the CAA (Aagaard & Carmack 1989;
2

Kwok 2009). It also creates and exports dense salty waters, and this formation of northern
deep water is thought to be an important driving force of the global thermohaline
circulation (Broecker 1991; Aagaard & Carmack 1994).
0

Figure 1: Bathymetric configuration in Davis, Fram and Bering Straits, and the Barents
Sea Opening (BSO), showing CTD stations (red cross), model grid points (green cross),
mooring locations (blue diamond) and station numbers (including model grid points).
Major bathymetric features are shown (CAA – Canadian Arctic Archipelago). Bathymetric
contour intervals (CI) for the Arctic figure is 1000 m, and the CI for each strait are shown
(Tsubouchi et al. 2012).

The surface heat budget of the Arctic Ocean is driven by the local radiation balance and
the surface reflectivity of ice. This and the storage and release of freshwater and
greenhouse gases impact the global climate. The Arctic Ocean acts as a low salinity water
reservoir and plays an important role in the global hydrological cycle. The Arctic Ocean
receives a large fresh water input by river run-off from Siberia (especially by the rivers
Lena, Ob and Yenesei) and North America (especially by the rivers Yukon and
3

Mackenzie). It also maintains its low salinity through precipitation, sea-ice melt and the
inflow of relatively fresh water (FW) from the Pacific Ocean (Woodgate & Aagaard 2005).
Various recent works have shown that the Arctic Ocean is changing, most likely in
response to, and in association with, the changing climate. It is reported to be the fastest
warming region of the planet (IPCC 2014) mainly due to the ice-albedo feedback leading
to polar amplification (Manabe & Stouffer 1994; Serreze et al. 2009). Changes include, for
example, warming of the Arctic atmosphere (Rigor et al. 2000) and an increase in the
volume transport and warming of the AW in the Fram strait inflow (Carmack et al. 1995,
1997; Grotefendt et al. 1998; Morison et al. 1998; Schauer et al. 2002; Karcher et al. 2003;
Polyakov et al. 2005). The mean Arctic sea surface temperature (SST) in September 2012
was 5 oC higher than the 1997 – 2006 mean (Trofimov & Ingvaldsen 2013), leading to
observations of substantial sea ice retreat (e.g. Steele et al. 2010, 2011; Jackson et al.
2012) and the record low of September sea-ice in 2012 (Jeffries et al. 2013).
Recent studies also show changes in the Arctic wide FW content (e.g. Polyakov et al.
2008), for example an increase in FW storage in the Arctic Ocean’s upper layers (McPhee
et al. 2009; Rabe et al. 2009) and a 25 % increase in Beaufort Gyre FW in 2013 compared
to 1977 (Proshutinsky et al. 2009). This is possibly partly due to an increase in Russian
river discharge into the Arctic (Shiklomanov & Lammers 2009) and an increase in the
Pacific inflow. Climate simulations show that increased FW outflow from the Arctic may
lead to reduced convection in the deep water formation regions of the North Atlantic,
which may influence the Atlantic Meridional overturning circulation (Vellinga et al. 2008).
The scarcity of observations in the Arctic, due to its remote location, extreme cold weather
and ice cover conditions (which mean that the Arctic is inaccessible for much of the year),
result in a poor knowledge of the Arctic circulation. Recent observations have shown that
there is a much higher degree of spatial and temporal variability in the properties of the
4

Arctic Ocean than previously thought (Quadfasel et al. 1996; Carmack et al. 1997;
Morison et al. 1998; Polyakov et al. 2004, 2005, 2008). Better understanding of the Arctic
dynamics and circulation would improve knowledge of the consequences of possible
changes to the Arctic due to warming of the global climate.
1.2.2 Summary of Conclusions from Tsubouchi et al. 2012
This study follows on from a paper published in 2012 by Tsubouchi et al. that assembled
the available hydrographic observation and current measurements in the Arctic Ocean for
summer 2005 A box inverse method was then applied to create a velocity field that
conserves volume and salinity in order to estimate heat and FW transports and give a
snapshot of the exchanges between the Arctic Ocean and the rest of the world oceans. A
summary of the results is presented below, and details and a review of previous work can
be found in the aforementioned paper.
1.2.2.1 Water Mass Structure
The Arctic Ocean is characterized by strong upper-ocean stratification, double diffusive
layers and relatively deep waters (1000 – 2000 m), with well mixed homogenous bottom
layers. It is salt stratified, which makes it vertically stable and allows the formation of sea
ice and deep convection regions in the Labrador (Pickart et al. 2002), Greenland (Ronski
& Budeus 2005), and Irminger Seas (Pickart et al. 2003).
Figure 2, taken from Tsubouchi et al. (2012), shows the distribution of potential
temperature and salinity across the four main gateways of the Arctic. Fram Strait and the
BSO show a similar distribution of south-going colder, fresher waters on the western side
and warmer and saltier north-going waters on the east. The latter is caused by the inflow of
AW. The temperature minimum in the subsurface layer at the west end of the two straits is
recirculated and modified AW which has arrived there either via recirculating close to the
5

straits or via the long circuit around the Eurasian Basin. The deep water in Fram Strait
(> 1000 m) has a small range of temperatures and salinities (~0.7 ± 0.1 oC and
34.5 ± 0.01). The Davis Strait is occupied by relatively fresh waters, with warmer Atlantic
Ocean-derived water in the eastern part. Surface meltwater runoff might cause the cooling
of water on the western side . The Bering Strait is occupied by fresh and relatively warm
Pacific Ocean-derived water.

Figure 2: (top) Potential temperature and (bottom) salinity section along the Davis Strait,
Fram Strait, the BSO and Bering Strait. Bold black lines show water mass boundaries and
the color bar scale is nonlinear. The pressure axis is expanded between 0 and 50 dbar and
50 and 500 dbar and station numbers are shown along the base of each plot. (Plot from
Tsubouchi et al. 2012).

6

1.2.2.2 Water Mass Transports and Heat and FW Fluxes in the Arctic Ocean
The budget of seawater volume has been balanced by Tsubouchi et al. (2012) and the
volume flux through the four gateways of the Arctic were calculated as: an inflow of
+3.6 ± 1.1 Sv (1 Sv = 106 m2s-1) through the BSO, a southward flow of -1.6 ± 3.9 Sv
through Fram Strait, a volume flux of +1.0 ± 0.2 Sv in Bering Strait and an outflow of
-3.1 ± 0.7 Sv through Davis Strait (Figure 3). Sign convention is negative for export (out of
Arctic) and positive for import of water. The total Arctic heat flux was calculated as
189 ± 26 TW (Tsubouchi et al. 2012), with the main contribution (69 ± 13 TW) being
through the AW layer.

Figure 3: (top) Initial (gray) and final (black) full depth volume transport (Sv)
accumulated around the boundary. (bottom) Accumulated volume transport for each water
mass. Where a specific water mass is absent from the section, the accumulated transport is
plotted as a black line. (Plot from Tsubouchi et al. 2012).

Table 1 shows a summary of the values of volume, heat and FW fluxes calculated by
Tsubouchi et al. (2012), those calculated by Lique & Steele (2013) using a high-resolution
global ocean sea-ice model to investigate Arctic Ocean heat content variability for the
7

period 1968 - 2007, and other work summarized in Lique & Steele (2013). These values
show that the Arctic heat budget is highly variable on seasonal to inter-annual timescales,
and that direct estimates made by different authors over different periods with different
methods may vary widely.

Table 1: Summary of recent estimates of fluxes through the critical oceanic gateways, and their
variability on different time scales. Values are positive for Arctic inflow. Bold values denote those
taken from Tsubouchi et al. 2012, and used in this study
1

The reference temperature is -0.23 oC, which is the mean temperature of the domain for this period. Means are
calculated from monthly model output. Standard deviations are calculated from annual means. The sign convention is
such that a source of heat into the Arctic Ocean is positive; 2Roach et al. (1995); 3Woodgate et al. (2010); 4Woodgate et
al. (2006); 5Woodgate et al. (2005); 6Cuny et al. (2005); 7Curry et al. (2011); 8Smedsrud et al. 2010; 9Skagseth et al.
(2008); 10Schauer et al. 2008; 11Rudels et al. 2008; 12Unpublished data of Beszczynska-Möller; 13deSteur et al. (2009);
14
Rabe et al. (2009); 15Schauer & Beszczynska-Möller (2009). *heat flux calculated with reference temperature -0.1 oC
**
heat flux for closed volume budget (reference temperature arbitrary) ***heat flux referenced to freezing temperature.
Table modified from Beszczynska-Möller et al. (2011).

Gateway

Net Volume Flux
(mean for years)

Variability (Sv)

Bering Strait

1.0 ± 0.2
1.21
0.8 ± 0.2 (1990 –
2007) 2,3,4

Daily –2 to 3 5
Monthly 0.4 to 1.35
Inter-annual 0.6 to
1.05

Davis Strait

-3.1 ± 0.7
-2.21
-2.6 ± 2.06 (19871990)
-2.3 ± 0.77 (2004 –
2005)

BSO

3.6 ± 1.1
2.51
2.08,9 (1997 – 2007)

Fram Strait

-1.6 ± 3.9
-1.81
-2.0 ± 2.710 (1997 –
2007)
-1.711
(snapshots
1980 – 2005)
0.19 ± 4.13
-0.31

Total
Advective

Liquid
Freshwater
(mSv)
-72 ± 14
80 ± 204

Flux

Heat flux (TW =
1012 W)
13 ± 2
5.7 ± 2.01
10 – 20 3*** (1998 –
2007)

119 ± 14
-92 ± 346 (1987 –
1990)
-116 ± 417 (2004 –
2005)

28 ± 3
18.0 ± 3.51
18 ± 176* (1987 –
1990)
20 ± 97* (2004,
2005)

Inter-annual 0.8 to
2.99

31 ± 13
55 to 608 (1997 –
2007)

Monthly -8.4 to 0.212
Inter-annual -4.7 to
-0.312(2002 - 2008)

110 ± 40
-80 to -6613,14
(1997 - 2008)
-6511
(snapshots
1980 - 2005)

86 ± 19
60.5 ± 6.11
508,9 to 709** (1997
– 2007)
62 ± 17
20.9 ± 7.61
36 ± 615** (1997 –
2009)
2911(snapshots
1980 – 2005)
189 ± 26
105.2 ± 8.91

187 ± 44
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1.2.3 Mixing in the Arctic Ocean
Diapycnal mixing, which mixes and maintains the stratification in the ocean interior, is
driven by intermittent patches of small-scale turbulence caused principally by breaking of
internal gravity waves, but also from other processes such as double diffusive processes.
This turbulence generates property gradients that are irreversibly removed by molecular
diffusion and is caused mainly by changes in atmospheric wind forcing, which creates
internal oscillations in the oceanic surface mixed layer, and barotropic lunisolar tidal
currents impinging on topography in a stratified ocean. Turbulent mixing is the result of
many individual events, intermittent in time and space, and is very spatially and temporally
variable as mechanical forcing is highly unsteady.
In the Arctic Ocean the main transformation is towards less dense waters, however the AW
layer is transformed into both less dense and denser waters. The large density gradient
between the relatively light surface water and the denser AW prevents upwelling of the
AW (Rudels et al. 1999), and creates boundary interleaving and intrusions where water
masses meet.
A modeling study by Zhang & Steele (2007) investigated the sensitivity of the Arctic
Ocean to background vertical diffusivity by comparing their model to the Polar
Hydrographic Climatology (PHC) data, and concluded that the water properties and
circulation are best reproduced using an average diapycnal mixing rate of 10-6 m2s-1.
Larger values were found to weaken the modeled ocean stratification in the Canada Basin
and result in anticyclonic circulation at all depths (Zhang & Steele 2007). Fer (2009) found
that a vertical mixing rate of 5 x 10-5 m2s-1 is enough to erode the cold halocline. This is
much lower than the value of average oceanic abyssal mixing of 10-4 m2s-1 inferred from
the abyssal ocean’s mass and heat balance by Munk (1966), as well as the value of
10-5 m2s-1 used in most open ocean models (e.g. Large et al. 1994).
9

Microstructure measurements in the Alaskan continental shelf and Amundsen basin found
an average diffusivity of 1.4 x 10-7 m2s-1 (Rainville & Winsor 2008). In the upper ocean
(100 – 400 m) the highest diffusivities (2 x 10-5 m2s-1) are found on the Alaskan shelf. In
the deeper ocean and the interior basins typical diffusivities values are of 10-6 m2s-1,
estimated from microstructure observations (Lenn et al. 2009). Highly uniform enhanced
dissipation is associated with the sharp temperature increase at the top of the AW layer in
the western Arctic (200 – 300 m) (Rainville & Winsor 2008), but the Arctic boundary
internal wave field can be as low as in the central Arctic (Lenn et al. 2011).
The enhanced value at the top of the AW layer is thought to be due to double diffusion
(Kelley et al. 2003; Woodgate et al. 2007), a consequence of the weak internal wave field
leading to the formation of thermohaline staircases which link the AW to the cold fresh
overlying waters. The staircases arise from the opposing contributions of the temperature
and salinity gradients on density and the greatly differing molecular diffusion rates for heat
and salt. This region is characterized by distinct thin strong gradient layers where the heat
transfer is provided by molecular diffusion in the strongly stratified laminar interfaces and
by turbulent convective mixing in the well-mixed homogeneous layers. Well-defined
staircases and diffusive convection has been observed in the central Arctic (Neshyba et al.
1971, Melling et al. 1984, Padman & Dillon 1987, 1988, Timmermans et al. 2008) and in
the Arctic boundary current (Lenn et al. 2009, Polyakov et al. 2011). Sirevaag and Fer
(2012) found significant splitting and merging of the staircases in the Amundsen basin,
indicating additional processes besides double-diffusive mixing are taking place. The small
double diffusive fluxes mean that the deep waters are essentially isolated from the layers
above (Timmermans & Garrett 2006).
Intrusions are also observed across the Arctic Ocean, for example in the Eurasian Basin
(e.g. Rudels et al. 1999; May & Kelley 2001; Dmitrenko et al. 2008). These are probably
10

caused by the strong lateral temperature gradients in the AW inflow regions, and can
contribute to heat transfer towards the surface through double diffusive convection (Rudels
et al. 1999; McLaughin et al. 2009).
Tides are generally weak in the Arctic Ocean. Most of the Arctic is situated poleward of
the tidal critical latitude (74.5 o N) beyond which the rotation of the earth prohibits freely
propagating waves at the dominant semidiurnal (M2) tidal frequency. Tidally generated
waves at these latitudes have short temporal and spatial scales related to the local
topography and stratification and are dissipated rapidly leading to local turbulent mixing
(Watson et al. 2013) and large variability in dissipation (Lenn et al. 2011). Simmons et al.
(2004) concluded that, with the exception of hot spots and although locally important,
internal wave energies generated from tidal interactions are small compared to low latitude
levels. Over the broad European shelf seas typical tidal velocities of 5 – 15 cms-1 are found
(Kowalik & Proshutinsky 1993, Figure 4), which is enough to generate internal waves over
suitable topography. Values of more than 50 cms-1 are found near Bear Island on the
western Barents Sea, south of Svalbard (Kowalik & Proshutinsky 1995, Padman &
Erofeeva 2004), and in the southern Barents Sea near the entrance to White Sea. Strong
(>20 cm/s) currents are found in Davis strait in the Labrador sea and in Nares strait, and in
various location within the CAA. Currents are weak over the deep basins and along the
northern coast of Alaska (Padman & Erofeeva 2004).
Wind acting on the sea surface creates a direct conversion of energy from the atmosphere
to the ocean, which is mostly limited to the surface mixed layer of the ocean (Wunsch &
Ferrari 2004), but a fraction can propagate deeper in the water column and contribute to
vertical mixing (Ferrari & Wunsch 2009, Alford 2010). Various 2-D numerical models
show that winds have an effect on Arctic Ocean circulation (Ponomarev & Fel’zenbaum
1975, Proshutinsky 1988, 1993). These models attribute variations in surface circulation
11

(both of sea and ice) to wind fields, both at seasonal and year to year time scales. Sea ice
cover reduces internal wave energy production by damping and energy dissipation (Levine
et al. 1985; D’Asaro & Morison 1992), despite the possible enhanced forcing due to ice
mobility. Ekman transport, or the movement of surface waters in response to wind, can
cause upwelling of deeper water by convergence or divergence. Upwelling of AW has
been observed (e.g. Aagaard & Roach 1990) and inferred (Woodgate et al. 2005) in the
northern Chukchi Sea and linked to wind forcing.

Figure 4: Mean tidal current speed (cms-1) based on simulating 14 days of hourly total
tidal speed using an inverse model (Padman & Erofeeva 2004).
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Other sources that may power turbulence in the ocean are: heating and cooling by the
atmosphere or surface buoyancy forces, exchange of freshwater with the atmosphere,
geothermal heating through the sea floor and atmospheric pressure loading. These are
negligible in net energy input when compared with tides and winds, and except for
geothermal heating, confined to the upper ocean (Wunsch & Ferrari 2004).
1.2.4 Dense Water Formation in the Arctic
The imported warm saline AW increases significantly in density as it circulates around the
Arctic due to atmospheric cooling and ice formation (Mauritzen 1996). The rate of this
transformation is estimated at 6.5 ± 0.7 Sv (Lumpkin & Speer 2003), contributing to global
dense water. Some of this deep water is likely formed in the vast shallow shelves of the
Arctic as dense, brine-enriched waters are drained off the shelves entraining water as they
sink. This process is known as slope convection and is an intermittent process, regionally
confined to the Barents, Kara and Laptev seas. It is conditioned by the meteorological and
hydrographic environments of the shelf seas and their bathymetry (Aagaard et al. 1985;
Rudels 1986; Rudels et al. 1994, Shapiro et al. 2003).
Martin & Cavalier (1989) estimate that 20 to 60 % of the Arctic dense water is formed in
the polynyas on the Siberian shelf, due to ice production and brine rejection. The rate of
bottom water (>1500 m) renewal is affected by the Lomonosov Ridge, with a renewal time
of 30 years in the Amundsen and Nansen Basins but 700 years in the Canada and Makarov
Basins (Ӧstlund et al. 1987).
1.2.5 Seasonality in the Arctic Ocean & Long-term Variability
The internal wave environment is expected to be very different in summer and winter due
to varying forces and stratification. The integrated average dissipation rate of baroclinic
tidal energy is ~9.2 x 1010 W in summer and ~3.1 x 1010 W in winter (Kagan et al.
13

Figure 5: Spatio-temporal diagram of monthly means of (a) Temperature at 250 m and (b)
Temperature anomalies from a monthly cycle (calculated about the mean seasonal cycle),
measured from the East (East Greenland Current, EGC) to the west (West Spitsbergen
Current, WSC) across Fram Strait (Beszczynska-Möller et al. 2012).

2010).There is a large seasonal discrepancy in wind force between summer and winter
(Yang & Comiso 2007). In winter strong convection and storms are expected, with
evidence of enhanced near-inertial motion (Merrifield & Pinkel 1996). Large areas of open
water in summer and loose pack ice are expected to create wind driven near-inertial motion
14

(Plueddemann et al. 1998, Rainville & Woodgate 2009). Summer warming by increased
solar radiation is very small and mostly lost to ice melting, therefore the seasonal increase
in heat is caused by advection of warmer Pacific water and AW.
The Arctic Ocean is known to vary greatly on an inter-annual to decadal time scale. Figure
5 by Beszczynska-Möller et al. (2012) shows the spatio-temporal variability in Fram Strait
from 1998 to 2010 at a depth of 250. Two distinct periods of temperature increase can be
seen. The first period runs from 1998 to 2000, and the second one starts in 2004 and lasts
till 2008. The latter, at its peak in September 2006, produced temperatures of > 3 oC higher
than the mean in the east of Greenland. Since the boundary CTD data used for estimating
the volume flux field at the openings of the Arctic was collected during the start of the
second of these warming events (2005), it might not be fully representative of the average
Arctic Ocean conditions. This is especially significant since the Polar Hydrographic
Climatology (PHC) data, used for estimating the conditions in the interior of the Arctic, is
heavily weighted toward the 1970’s and 1980’s when the Arctic Ocean was probably in a
colder state (Polyakov et al. 2004).
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2. Theory and Method
2.1 Introduction
The relationship between buoyancy exchanged by mixing and upwelling of fluid within the
abyssal ocean is described by the advection-diffusion equation (Munk 1966). This is based
on the concept that water entering an enclosed basin (the Arctic Ocean) from adjacent
sources can only leave this basin at a different density than it entered through mixing, or by
sources and sinks. This mixing can be quantified using an Advection-Diffusion Balance
which states that, over an ocean basin, the diapycnal mixing required to maintain the
density stratification can be calculated assuming that there is a balance between horizontal
advection in and out of the basin (volume flux data at boundaries of the basin), and vertical
mixing between isopycnal layers (parameterized by a diapycnal mixing coefficient).
Based on this geometry, a simple box model of the Arctic Ocean, divided into a series of
16 potential density layers (referenced to the sea surface, σ0), was constructed. The seabed
is the base and the sea surface is the lid of the model, and the sides are completely enclosed
by coastline except for Fram Strait, Davis Strait, BSO and Bering Strait, where
hydrographic data are available. The only other opening from the Arctic is the Fury &
Hecla Strait in the CAA, which is partially blocked and very narrow (~ 5 km length in
total) at the eastern end where it connects to the Atlantic Ocean through the Labrador Sea.
As there are no adequate measurements available to resolve its volume flux, which is
estimated to be negligible by Tsubouchi et al. 2012 (~5 mSv), this strait was ignored.
The rates of transformations within the Arctic Ocean were estimated based on the volume
flux data by Tsubouchi et al. (2012), along sections at these four openings of the Arctic
and assumed to represent the flow field of the whole Arctic (Figure 1).
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The volume flux at the boundaries of the basin was calculated using a mass balance
equation, which is explained next in this section. Then the advection-diffusion equation
and the equations used to calculate the dissipation are listed, as well as their assumptions.
Finally the data and the model used are described.

2.2 Mass Balance Equation
The net ocean flux through the side of the volume, v, can be calculated using the mass
(volume) balance equation, which states that:
(1)
Where u = u (s, z) is the distribution of ocean velocity normal to the sides of the volume, s
is the along-side distance coordinate and z is the vertical (depth) coordinate. A represents
the side area and dA = dsdz is an area element. For each strait, the volume flux
corresponding to the water mass layer was found and summed in order to find the total
volume flux of that layer.
The volume conservation equation is allowed as long as an unfeasibly short time scale is
not used. This was estimated as ~6 days by using barotropic wave propagation speeds to
approximate the adjustment time scale over which stationarity may be assumed (Tsubouchi
et al. 2012). The hydrostatic and geostrophic balance assumptions are applied to the
inverse model. The hydrostatic balance assumes that the vertical pressure gradient is in a
perfect balance with density, and holds on regional scales. The geostrophic balance states
that the horizontal pressure gradients in the ocean almost exactly balance the Coriolis force
resulting from horizontal currents. This is true within the ocean interior away from the top
and bottom Ekman layers, and large spatial (> 50 km) and temporal (> days) scales. The
geostrophic balance also requires that viscosity and the non-linear terms in the equation of
motion are negligible. The nonlinearities in the equation of state are responsible for the
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temperature and pressure dependence of density and can give rise to internal energy
changes. These effects are assumed to be very small compared with the total uncertainty of
the model, and therefore play only a minor role in large-scale ocean processes.

2.3 The Advection-Diffusion Balance
If a system is in steady state balance between horizontal advection of density and vertical
diffusion, the vertical mixing required to maintain the density stratification can be
explained using:
(2)
Where U = (u, v, w) is the velocity field and u, v, and w are the zonal, meridional and
vertical components of velocity,

is the potential density referenced to zero and K is

turbulent eddy diffusivity. Surface fluxes are ignored. The volume integral of (2) over an
ocean layer can be calculated by applying the divergence theorem, which states that in the
absence of sources or sinks, the volume, V, of a body of fluid within a region can only
change as a result of a flow though its boundary, using:
(3)

For an ocean layer bounded by isopycnal surfaces in a coordinate system with (x, y, z) =
(east, north, upward), the one-dimensional linear advection-diffusion balance for a
conservative scalar property of a fluid, assuming that there are no sources or sinks is:
(4)
Where l and u superscripts represent the lower (denser) and upper (lighter) surface
bounding an isopycnal layer and the vertical integration runs from the depth corresponding
to

to the depth of

over quasi-horizontal density surfaces. F is the diabatic diffusive

transport of potential density. (Equations modified from Huussen et al. 2012).
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The vertical advective transport of volume, W, can be found from the vertical velocity w,
where

, and w follows from the continuity equation:
(5)

F can be related to the turbulent diffusivity K using,
(6)
K is the parameterization of the mixing processes leading to a diapycnal buoyancy flux.
The over-bar indicates spatial averaging over surface area and

is the vertical density

gradient. Horizontal averaging of K over broad regions works reasonably well in the ocean
interior because isopycnals are dominantly horizontal away from topography, but K is illdefined in the absence of stratification.
The Advection-Diffusion equation assumes the magnitude of horizontal motion to be much
larger than vertical motion. The steady state condition does not allow for time variation of
the model result and results in a single-view, basin-average mixing rate of the Arctic fluxes
resulting from a multitude of events and processes of different time and length scales that
might not be representative of the long-term displacements, and does not distinguish
between interior and boundary values.
The calculation was done starting with the bottom layer. At the seafloor the vertical
advective and diffusive transport is assumed to be zero (Fl = 0 and Wl =0). Since the
bottom layer lies at a depth deeper than ~ 1000 m, it can only communicate with the
outside of the Arctic basin through Fram Strait (Figure 6). Therefore, by taking the volume
flux data for the bottom layer at Fram Strait and integrating (4) from the seafloor upwards,
the vertical diffusive flux of potential density at the top interface of this bottom layer can
be solved. The vertical transport through the upper density interface Wu was calculated
from continuity (5). This value was then used to calculate the vertical mixing for the next
layer, and so on.
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Figure 6: (a) Schematic zonal cross-section of Fram Strait showing the isopycnal model
layers and the horizontal flow across the strait. (b) Spatial distribution of the bottom layer
(Deep Water; DW), showing the depth to this layer interface based on PHC climatology
(Steele et al. 2001).

The relative error of the large-scale layer transport is assumed to be equal to the inverse
model errors in Tsubouchi et al. 2012, which is an a priori uncertainty in the reference
velocities as the standard deviation of moored velocity data (~ 0.02 – 0.05 m/s) leading to
an uncertainty in the volume conservation of ~1 Sv for the full depth transport decreasing
from higher in the upper layers (~4 Sv) to lower in the deeper layers (~0.5 Sv). Errors also
result from using potential density and from the interpolation.

2.4 Estimating dissipation and power required to sustain mixing
To calculate the energy required to sustain the mixing,
assuming they are spatially uncorrelated, such that

and

in (6) are averaged out
(Polzin et al. 1995).

Osborn (1980)’s simple mixing model is then used to relate the mixing rate to the rate of
turbulent kinetic energy dissipation, by assuming a constant mixing efficiency. This model
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states that the viscous diffusion coefficient (

T

in W/kg), driving a downward buoyancy

flux (KN2), is equivalent to the work done against gravity by the turbulent mass transport
to raise the center of mass and thus the background potential energy, and can be calculated
from:
(7)
Where Γ is the mixing efficiency, N is the buoyancy frequency and is a measure of the
stratification:
(8)

and g, and

are the gravity and reference density constants respectively.

The mixing efficiency is defined as the fraction of the energy of breaking internal waves
available to mix the fluid, with the rest of the energy being dissipated by viscous friction
and heat. A canonical value for Γ of 0.2 is typically used for shear flows (Peltier &
Caulfield 2003).
Equations (6), (7) and (8) can be simplified into:
(9)

This equation was initially used to calculate the diffusion coefficient. However, open
ocean observations show a varying Γ with observations commonly 0.15 – 0.25 (Toole et
al. 1994, Ledwell et al. 2000), whilst indirect (Stigebrandt & Aure 1989) and theoretical
estimates (Arneborg 2002) have suggested a lower value of Γ = 0.05 – 0.1. In the low
turbulence environment of the Arctic the assumption of local isotropy become doubtful
and a constant mixing efficiency of 0.2 is likely an overestimate. In order to find a more
accurate value for the diffusion coefficient, the equations developed by DeLavergne et al.
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(2015) were used. They use empirical measurements to suggest that the dissipation
coefficient can be calculated from:
(10)

Where v is the molecular kinematic viscosity of seawater.
According to (10), increasingly strong turbulence intensities lead to higher mixing
efficiencies, which means that as turbulence grows inhibited by stratification it becomes
increasingly inefficient at driving a buoyancy flux. The calculation is carried out ignoring
the top two layers as these are considered the mixed layer.
The power required to achieve the calculated diffusion is then calculated by bottom-up
integration of the dissipation rate with depth and multiplied by the area:
(11)
Where Δz is the mean layer thickness.

2.5 Model Layers
The density boundaries for the subdivision of the water column were based on the density
criteria from Rudels et al. (2008). Six main water masses are used: Surface Water (SW),
Subsurface Water (SSW), Upper Atlantic Water (UAW), AW, Intermediate Water (IW)
and Deep Water (DW), which were further subdivided to 16 layers to increase the model
resolution (Table 2).
Potential density referenced to the sea surface (σ0) was used throughout this study in order
to consistently conserve mass within layers since mass flux is being used. This only
approximates surfaces along which water parcels flow adiabatically. Software to
approximate neutral density, a more appropriate form of density surface, is not available
for the Arctic Ocean. The σ0 surface was converted from the potential density surfaces
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referenced to various depths by Tsubouchi et al. (2012) using the Bisection Method. This
is a simple root-finding solution for an equation with a single solution lying between two
definable boundaries. It runs by repeatedly bisecting the interval and determining which
half contains the solution and re-running using this method until a sufficiently small
interval is found in which to estimate the root. Table 2 shows the difference between these
two depths and the resulting root-mean-square deviation of the depth difference.
Figure 7 shows the depth and topography of the layer interfaces for the main water masses.
The most striking feature, especially at shallower isopycnals, is the Beaufort Gyre. This is
seen as a circular deepening of the isopycnals in the Beaufort Sea (Figure 7a, b) and is due
to strong anticyclonic wind stress curl caused by the Beaufort Sea High (Proshutinsky et
al. 2009). This influence decreases with depth, and at the interfaces between the Upper
AW and the AW (UAW/AW), the AW and the Intermediate Water (AW/IW), and the
Intermediate Water and the Deep Water (IW/DW) the shape of the isopycnals appears to
be less affected by the gyre and broadly related to the topography. At the interfaces of the
Subsurface layer and the Upper AW layer (SSW/UAW) and the UAW/AW, the input of
the Lomonosov Ridge can be seen as a sharp gradient approximately north-south across the
centre of the Arctic Ocean (Figure 7b, c).
Both the SW/SSW and SSW/UAW interfaces outcrop at the sea surface in the Barents Sea,
with the densest surface outcrop being σ0 ~ 27.63 (Figure 7c).
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Table 2: Definitions of model layer interfaces, the water mass name and their mean depth.
The σ0 surface used in this work, and the equivalent interface defined by Tsubouchi et al.
(2012) are listed, including the difference in mean depth between these two and their
standard deviation error.
Water Mass

Interface

σ0

Defined by
Tsubouchi
2012

Mean
depth
(m)

Difference
between
depth

Std.
dv.

1. SW (1) /SW(2)

24.700

24.700 (σ0)

23.8

0

0

2. SW (2)/ SW (3)

25.500

25.500 (σ0)

42.6

0

0

3. SW (3)/ SSW(1)

26.000

26.000 (σ0)

57.8

0

0

4. SSW(1)/SSW(2)

27.000

27.000 (σ0)

95.2

0

0

5. SSW(2)/UAW(1)

27.100

27.100 (σ0)

100.4

0

0

UPPER
ATLANTIC
WATER (UAW)

6.
UAW(1)/UAW(2)

27.300

27.300 (σ0)

111.3

0

0

7. UAW(2)/AW(1)

27.500

27.500 (σ0)

138.7

0

0

ATLANTIC
WATER (AW)

8. AW(1)/AW(2)

27.600

n/a

158.9

n/a

n/a

9. AW(2)/AW(3)

27.700

27.700 (σ0)

193.0

0

0

10. AW(3)/IW(1)

27.921

30.280 (σ5)

296.7

2.62

0.22

11. IW(1)/IW(2)

27.948

n/a

339.8

n/a

n/a

12. IW(2)/IW(3)

27.962

30.320 (σ5)

384.1

1.93

0.31

13. IW(3)/DW(1)

28.037

32.750 (σ1)

841.4

-4.52

0.53

14. DW(1)/DW(2)

28.076

35.126 (σ1.5)

1501.3

-44.18

3.83

15. DW(2)/DW(3)

28.087

35.142 (σ1.5)

1842.5

-24.77

5.26

SURFACE
WATER (SW)

SUB SURFACE
WATER (SSW)

INTERMEDIATE
WATER (IW)

DEEP
(DW)

WATER
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Figure 7: Maps showing depth to, and topography of, the isopycnal layer interfaces
defined in this project. (a) – SW/SSW; (b) – SSW/UAW; (c) – UAW/AW; (d) – AW/IW;
(e) – IW/DW. Plots made using PHC Summer mean climatology data set (Steele et al.
2001).
26

2.6 Data & Data Quality
The data used to define the properties of the layer interfaces is the PHC (Polar science
center Hydrographic Climatology) data set (Steele et al. 2001), which contains a mean
climatology for Summer (July –September), with in-situ temperature and salinity data at
1 x 1 degree intervals for incremental depth levels down to 5500 m (Table 3). This
climatology is the result of merging the World Ocean Atlas (WOA, Levitus) 1998, the
EWG Arctic Ocean Atlas (AOA) and Canadian data provided by the Bedford Institute of
Oceanography (BIO) using optimal interpolation technique.
Hydrographic observations in the four main gateways of the Arctic – Davis, Fram, and
Bering Straits, and the BSO, and moored arrays of current meters for summer (August –
September) 2005 were used to calculate the volume flux through the Arctic boundaries
(Tsubouchi et al. 2012). These consist of 131 finely spaced hydrographic stations at the
boundaries and 16 GCM grid cells in the BSO, which function as CTD stations in regions
of absent data. The observational data consists of 16 stations in Davis Strait (Lee et al.
2004), 74 stations in Fram Strait (Fahrbach & Lemke 2005), 29 stations in the BSO
(Skagseth et al. 2008), and 12 stations in the Bering Strait (Woodgate et al. 2005). The
model used is an implementation of the Nucleus for European Modeling of the Ocean
(NEMO) coupled ice-ocean GCM at NOC Southampton (Barnier et al. 2006). The velocity
data is measured from 31 moorings deployed in the gateways (full description of data in
Tsubouchi et al. 2012 and references therein).
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Table 3: Description of PHC data (Steele et al. 2001) showing the main two sources for
this data, the WOA and AOA, and their properties.

Spatial coverage
Temporal coverage
Horizontal resolution

Depth levels (m)

Climatological means
Data
Original profile data
available?

WOA
(Antonov et al. 1998, Boyer et
al. 1998)
Global
1900 – 1994
1o x 1o
latitude/longitude grid
33 total: 0, 10, 20, 30, 50, 75, 100,
125, 150, 200, 250, 300, 400, 500,
600, 700, 800, 900, 1000, 1100,
1200, 1300, 1400, 1500, 1750,
2000, 2500, 3000, 3500, 4000,
4500, 5000, 5500
Annual, seasonal & monthly.
In situ temperature, salinity
Yes

28

AOA
(EWG 1997, 1998)
65oN – 90oN
1950 – 1989
50 km
Cartesian grid
(Lambert projection)
23 total: 0, 5, 10, 15, 25, 50, 75,
100, 150, 200, 250, 300, 400, 500,
750, 1000, 1500, 2000, 2500,
3000, 3500, 4000, 4400
Seasonal
Potential temperature & salinity
Some

3. Results
3.1 Summary of Properties of Defined Model Layers
Figure 8 illustrates the main results, showing the surface area, the density gradient, the
vertical velocity, the diabatic diffusive transport and the apparent turbulent diffusivity.
These are plotted against layer interface and against a scalar density scale, in order to
illustrate the changes in the ocean column. The properties of the upper 100 m surface water
layers are approximately homogenous with a sharp change into the AW layer. These
results will be explained in detail during the rest of this chapter.

3.2 Volume Flux between Model Layers
The calculated volume flux through the boundaries agree with those of Tsubouchi et al.
(2012), as described in Section 1.2.2.2. Figure 9 shows the total horizontal volume flux for
each water mass, calculated during this project as a sum of the flow through the four ocean
strait openings. From this figure it can be seen that the SW and DW volume fluxes are
negligible. The dominant transport is in the AW layer with an accumulated volume
transport of +3.37 Sv. It is balanced by an overall water export in the overlying SSW and
UAW, and the underlying IW. Therefore the AW is expected to flux water into the
adjacent layers within the Arctic Ocean, transferring water into the surface layers above it
and the IW layer beneath it. Tsubouchi et al. (2012) estimated that 2.8 Sv of AW is
transported diapycnally within the Arctic, 1.9 ± 1.7 Sv downwards into the IW and
0.8 ± 3.1 Sv upwards into the UAW layer.
The Deep Water layer in Fram Strait is approximately balanced. For the top 1000 m of the
basin (above the Deep Water layer), the total Arctic inflow is +9.2 Sv and the outflow is 9.3 Sv. This leaves a deficit of -0.14, which Tsubouchi et al (2012) has successfully
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balanced by a surface liquid FW flux inflow of +0.19 Sv and sea ice export from Fram
strait of -0.05 Sv.

Figure 8: Summary of the water properties for each layer interface plotted as the surface
area, the density gradient, the vertical velocity, the diabatic diffusive transport and the
apparent turbulent diffusivity against (top) layer interface and (bottom) density.
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Figure 9: Diagram showing the total volume flux for each water mass in the Arctic Ocean
in Sv. Arrows indicate the inferred direction of the vertical flux. The defined water masses
are labeled.

3.3 Density Gradient
The mean density gradient for each isopycnal layer interface was calculated by finding the
slope of the regression line for density over a depth range of 10 m above and 10 m below
the interface. Areas where the data points were not present, for example if the model layer
was thinner than 20m or where the sea surface was less than 10 m above the interface
depth, were not included in this calculation. The dz size of 20 m was chosen as the one
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Figure 10: Density gradients (in kgm-4) for dz = 20 m at each isopycnal layer (σ0)
interface, (a) – SW/SSW; (b) – SSW/UAW; (c) – UAW/AW; (d) – AW/IW; (e) –
IW/DW..
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giving the smallest average density gradient whilst also including a high proportion of the
data points.
Figure 10 shows the density gradient for every layer interface. The average density
gradient decreases approximately exponentially with1 depth from a value of -0.03 in the
SW layer to -5.02 x 10-5 in the DW layer. The density gradient appears to correspond with
the Arctic Ocean topography, with low values close to zero in the Canada Basin and Baffin
Bay and higher values in Kara Sea and Barents Sea. A large density gradient (approx.
- 0.05) can be seen in the Kara Sea in the SSW/UAW interface (Figure 10b), coinciding
with an area of enhanced cooling of the AW layer (Dmitrenko et al. 2014).

3.4 Vertical Velocity
The vertical velocity w is positive upward and is equivalent to a diapycnal velocity, as
isopycnals are approximately flat in the Arctic and are assumed not to change in thickness
with time.
An average velocity of 10-7 ms-1 was found. The dominant diapycnal velocity is seen in the
AW layer as 1.4 x 10-7 ms-1 towards the UAW layer and -1.2 x 10-7 ms-1 towards the IW
layer (Figure 11), suggesting the AW layer is transferring water into both its adjacent
layers.
The area-averaged vertical velocity across the upper AW surface found by Tsubouchi et al.
2012 is 1.1 ± 4.1 x 10-7 ms-, equating to an export of 0.8 ± 3.1 Sv from the AW layer into
the UAW layer. The downward velocity across the lower AW surface was calculated by
Tsubouchi et al. (2012) as 3.1 ± 2.8 x 10-7 ms-1, which is equivalent to a downward
transport of 1.9 ± 1.7 Sv into the IW. The SW and DW layers have negligible velocities of
the order of 10-8 ms-1.
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Figure 11: Vertical velocity w at layer interfaces, where the sign convention is positive
upwards. The defined water masses are labeled.

3.5 Diffusivity K
The vertical diffusivity, K was calculated from the advection-diffusion equation (equation
6) and can be seen in Figure 12. An approximately homogenous, very small K of
2 x 10-6 m2s-1 was calculated in the upper layers above the AW inflow. An apparent
negative diffusivity was found in the lower layers, including the AW and IW. The bottom
DW layer has weak diffusivity values of 10

-7
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m2s-1. Considering the homogeneity of the

top 7 layers and the non-physicality of a negative diffusivity, the average value of
2 x 10-6 m2s-1 was extended to the sea floor during following calculations.
The possible physical reasons for the apparent negative diffusivity in the lower section of
the water column will be discussed in Section 4 below.

Figure 12: Graph of apparent diapycnal diffusivity K for each layer interface. The defined
water masses are labeled. Red line indicates the change from positive to negative values.
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3.6 Dissipation ϵ and Power P
The dissipation is calculated from equation 9. The average integrated value of

across the

depth and area of the Arctic was calculated as 9.90 x 10-10 W kg-1 when measured using the
calculated K for the first 7 layers of the model and a constant average K of 2 x 10-6 m2s-1
for the deeper layers. The calculation was also made using a variable Γ (equation 10), and
a smaller average value of 2.01 x 10-10 W kg-1 was calculated for the whole water column.
The power required to fuel this dissipation for the volume of the Arctic Ocean was
calculated by integrating the dissipation by the area and depth of the ocean using equation
11. A value of 0.04 TW was calculated using a constant mixing efficiency, Γ, whilst a
smaller power of 0.03 TW is required when using a variable Γ.

36

4. Discussion and Interpretation
In summary, the main results are a weak diapycnal mixing of ~2 x 10-6 m2s-1 in the upper
layers of the Arctic up to ~200 m depth, and an apparent negative diffusivity in most of the
underlying water column. This corresponds to an average dissipation rate of
2 x 10-10 Wkg-1 which requires a power of 0.03 TW. The negative diffusivity makes it
unlikely that the assumption that the system is in an approximate steady state and that all
transformations in the Arctic are caused by mixing due to breaking of internal waves is
true and shows that the dominant transformation process changes from the upper to the
bottom layers.
The weak diapycnal diffusivity in the upper layers agrees with previous work (D’Asaro &
Morison 1992, Zhang & Steele 2007, Lenn et al. 2009) and is likely caused by double
diffusion, described in Section 1.2.3. Localized boundary mixing, possibly driven by tides,
may be an important process to provide the energy required to mix the Arctic Ocean
(Rippeth et al. 2015). The negative diffusivity in the lower layers is unphysical and the
most likely mechanism driving it is the effects of the AW inflow causing internal mixing to
become less dominant, specifically the buoyancy loss by down slope injection of dense
shelf waters in the Barents Sea, which has been described in Section 1.2.4. The advectiondiffusion model lacks surface fluxes, which transform water masses by adding or removing
heat and/or freshwater. Other processes may also be affecting mixing in the Arctic Ocean.

4.1 Diapycnal Mixing in Upper Layers
4.1.1 Comparison with Microstructure Measurements
Recent Microstructure (MS) measurements from Rippeth et al. (2015) are compared with
the results of this project in order to support these results. Rippeth et al. (2015) collected
pan-Arctic MS measurements of turbulent kinetic energy dissipation using a loosely
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tethered free-fall velocity microstructure profiler in the shelf break north of Svalbard, the
area near Severnaya Zemlya and in the Canada Basin. These were collected from 2007 –
2013 for the upper 500 m of the water column. The average dissipation was found to be
weak with substantially enhanced turbulent mixing over areas of sloping 3-D topography
and it varied with depth (Figure 13).

Figure 13: Map of the Arctic Ocean showing the location of the MS profiler
measurements. The colours refer to the geographical location of the measurements. Mean
temperature, salinity and dissipation profiles are shown for the three regions (green for
Canada Basin, yellow for the area on continental shelf near Severnaya Zemlya, and red for
region north of Svalbard) (Rippeth et al. 2015).

In the central Arctic where water depth is more than 2000 m, values of
~5 x 10-10 – 2 x 10-9 Wkg-1 were observed, which are slightly larger than the values found
here of 2 x 10-10 – 1 x 10-9 Wkg-1 (Figure 14). This might indicate a source of mixing
which was excluded during this project due to the assumptions used in the advectiondiffusion equation, for example the effect of surface fluxes. These higher values may also
be explained by the accuracy of the measurements. At depths of more than 500 m,
approximately 95 % of the MS measurements were near or at the instrument noise level

38

Figure 14: Dissipation Rate against (top) interfaces of the isopycnal layers and (bottom)
density, for the results from advection-diffusion equation (blue using a constant mixing
efficiency Γ of 0.2 and purple for a variable Γ) and MS observations (green for the deep
ocean in Canada Basin and red for the mean of the areas on continental shelf).
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(~10-9 – 10-10 Wkg-1, Lincoln, B. 2015, pers. comm.). This could make the MS dissipation
value look higher than the real value when averaged out. These values compare with
previously published figures such as Rainville & Winsor 2008, discussed in Section 1.2.3,
which can be approximately converted to a dissipation value of ~1 x 10-10 Wkg-1.
Over continental slope regions (water depth of 200 – 2000 m), the dissipation rate was
measured as up to two orders of magnitude higher (Rippeth et al. 2015). The largest values
were found to the north of Svalbard as 5 – 7 x 10-8 Wkg-1. Previous work found mixing is
enhanced near major topographic features, such as the Yermak plateau and its marginal
seas (Padman & Dillon 1991; Sundfjord et al. 2007; Fer et al. 2010) and on bottom
topography (D’Asaro & Morison 1992; Dewey et al. 1999) such as the Lomonosov ridge.
These results are illustrated and summarized in Figure 14, which compares the dissipation
rate found using the advection diffusion equation both using a variable and a constant
mixing efficiency, described in Section 2.4, with the MS measurements described above,
separating the Canada Basin measurements with those taken near the boundaries. The
lowest values are given by the advection-diffusion equation used here, whilst the MS
measurements taken in the Canada basin are smaller than those measured at boundaries. In
all cases there is a trend of decreasing dissipation rate with depth.
The power associated with the average MS dissipation (Rippeth et al. 2015) can be
estimated as 0.25 TW. The power required to drive the dissipation using the values
calculated during this project is 0.03 TW. Therefore, when considering both the results
presented in Section 3.6 and the MS data as possible degrees of freedom, on average the
power required to mix the Arctic is 0.03 ≤ P ≤ 0.25 TW for the whole ocean and 0.01 ≤ P ≤
0.03 TW for the top 7 layers.
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4.1.2 Sources of Dissipation
Weak tidal forces and the presence of sea ice have generally been used to explain the low
energy levels of the Arctic Ocean. In this quiescent environment other mechanisms such as
double diffusion, may be fundamental. This can be inferred from Figure 15 by DeLavergne
et al. (2015), which shows a turbulent diffusivity model of the diapycnal diffusivity of heat
and salt as a function of the turbulent intensity parameter, and the associated mixing
regimes. In this context, the Arctic is in the buoyancy-controlled domain of turbulence
where the regime becomes double-diffusive. Since double diffusion is driven by thermal
molecular energy, it is very efficient, and the dissipation coefficient is small.
The MS measurements from Rippeth et al. (2015) show local variations of dissipation,
with higher values near topography. These values are sufficiently large to drive significant
turbulence and prevent thermohaline staircases from forming. Rippeth et al. (2015) plotted
the longitudinal variation in dissipation calculated by MS measurements (Figure 16). This
figure suggests that the energy supporting enhanced dissipation along continental slopes is
tidal.
The energy needed to fuel dissipation may also originate from winds. In moored
observations from the Chukchi Sea continental shelf in the western Arctic, Rainville &
Woodgate (2009) found a strong seasonal signal in wind-driven vertical mixing that is
correlated with the annual cycle of ice concentration. Declining sea ice cover may
therefore increase mixing due to the increased momentum transfer from wind to ocean
(Giles et al. 2012, Martin et al. 2014, Tsamados et al. 2014). However the MS
measurements of Rippeth et al. (2015) in locations with varying sea ice conditions suggest
that the dissipation in the intermediate and deep-water layers is not sensitive to sea ice
conditions, and is caused by tides.
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Figure 15: Turbulent diffusivity model based on Bouffard & Boegman (2013) and Jackson
& Rehmann (2014) from DeLavergne et al. (2015). The diapycnal diffusivity (m2s-1) of
(red) heat and (blue) salt as a function of the turbulent intensity parameter are shown. The
dashed blue curve corresponds to the salt diffusivity parameterized by Bouffard &
Boegman (2013) whereas the solid blue curve is deduced from the heat diffusivity (red)
using the diffusivity ratio parameterization of Jackson & Rehmann (2014). Indicated
regimes at the top only refer to the heat diffusivity. The thick grey line shows the
diffusivities assuming a constant mixing efficiency of 0.17 (Γ = 0.2). Yellow circle shows
the area where the Arctic lies according to advection-diffusion calculation.

42

Figure 16: Transect mean AW dissipation across the AW thermocline plotted as a scatter
plot against longitude. Blue line is the rate of tidal dissipation D computed as the
difference between the work done by the tide generating force and the divergence of the
tidal energy flux. (Rippeth et al. 2015).

4.1.3 A Conceptual Model for Mixing in the Arctic
What follows is an attempt at a simple conceptual model to reconcile the results of this
project with the MS measurements. Whilst the results of this project are a basin-wide
average with depth, the MS values suggest that the Arctic has different levels of mixing
depending on location. The quiescent ocean basins have very small dissipation values and
are thought to be double-diffusive. Areas with high slope have higher dissipation values
and are thought to be powered by tides.
We start by assuming that the value for the power required to mix the Arctic Ocean
calculated during this project of 0.03 TW is correct. This was inputted into Equation 11 in
order to calculate the area that is required to be mixing in order to produce this value for
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power, using various values for dissipation and keeping all other terms constant. This area
was then converted into a percentage of the total Arctic Ocean surface area. A bathymetric
map was used to estimate the slope (IBCAO) and calculate the percentage of the Arctic
Ocean with bathymetric slope higher than certain values. These two figures were then
compared (Figure 17).

Figure 17: Plot of the percentage of area of the Arctic Ocean required to be mixing at
varying rates of dissipation in order to provide the power required to mix this ocean
calculated using the advection-diffusion equation. The bathymetric slope was also
calculated and the percentage of the Arctic with a slope of more than certain values
measured. These are shown in red.

If the Arctic was mixing at the higher dissipation values measured by the MS
measurements at the Severnaya-Zemlya area, the area of the Arctic required to be actively
mixing is 15%, which is the same percentage as areas with bathymetric slope of more than
0.30. This value is smaller than that produced by Fer et al. 2010, who estimated that the
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areas near boundaries and over rough topography which can be assumed to be ‘hot spots’
of mixing make up 30 % of the Arctic Ocean surface area.
The areas with a bathymetric slope of more than 0.30 are plotted in Figure 18 (red
shading). A step function is hypothesized with all mixing occurring in these locations and
with double-diffusion taking place in the interior of the Arctic Ocean. Locations where
there have been previously published observations of double-diffusion are also shown in
Figure 18. There appears to be a correlation between areas of shallower bathymetric slope
and the observations of double-diffusive fluxes, with few observed in the areas of high
bathymetric slope.
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Figure 18: Bathymetric map of the Arctic (IBCAO) showing in red shading the areas
where mixing is required in order to explain the background diffusivity measured by
advection diffusion if the rate of mixing is equivalent to that measured by MS in the
continental slope north of Svalbard, corresponding to places with a bathymetric slope of
more than – 0.1. Dots correspond to places where double diffusive staircases have been
observed, and are as follows: (orange) Neshyba et al. 1971, (yellow) Padman & Dillon
1987, (pink) Rudels et al. 1999, (blue) Timmermans et al. 2008, (cyan) Lenn et al. 2009,
(purple) Polyakov et al. 2012, (green) Sirevaag & Fer 2012.
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4.1.4 Heat Production in Background Mixing
The vertical heat flux due to diffusion has been calculated from:
(12)

where Cp is the ocean specific heat capacity and FH is positive upward. The calculated heat
vertical flux for the UAW/AW interface is ~0.3 Wm-2. This compares with those found by
Lique et al. (2014) of FH ~ 0.1 - 0.3 Wm-2 for the approximately equivalent depth range
(~150 – 450 m depth). These weak heat fluxes are thought to be due to double diffusion.
The major part of heat transfer in the Arctic is thought to occur along boundaries (Padman
1995), where the stratification of the upper ocean is weaker (Lenn et al. 2009).
Plots of the UAW/AW interface in March and September (Figure 19), created using the
MIMOC dataset (Schmidtko et al. 2013), show that the largest Arctic heat loss is in the
Barents Sea. This occurs because, unlike the rest of the Arctic Ocean, relatively large areas
of the Barents Sea remain unfrozen, allowing large solar radiation during spring and
summer and stronger heat loss in winter and autumn (Serreze et al. 2007). Thus, the
inflowing AW into the Barents Sea becomes cooler and fresher, and dense water is formed
(see Sections 1.2.4 & 1.2.5).
Figure 19 also suggests that there are large seasonal changes in the dynamics of the Arctic
Ocean which might influence the results of this work. Since only summer data was used
during the present project, the results of this work cannot be extended into an annual mean,
but limited in showing the summer state of the Arctic Ocean.

47

Figure 19: Plots of depth to UAW/AW interface and its distribution in (a) March and (b)
September.
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5. Conclusions and Future Work
Figure 20 is a schematic diagram showing a summary of the results discussed during this
project. The main conclusion is that the Arctic Ocean has two different modes of water
mass transformations. In the upper 400 m of the Arctic mixing is very weak (~ 10-6 m2s-1),
as is consistent with observational measurements. This small number is thought to reflect
previously observed double diffusive fluxes within the ocean basins away from
topography. These are hypothesized to be ubiquitous in these regions. A small percentage
of the ocean floor is believed to have tides which are strong enough to generate internal
waves. The mechanical energy generated here might be enough to power dissipation for
the whole Arctic Ocean. Whilst the value for diapycnal diffusivity is small compared to the
estimated global average, this region represents only a small fraction of the global ocean
area and therefore contributes little to the global integral.
An up-gradient buoyancy flux is necessary to maintain double-diffusive thermohaline
staircases, therefore the diapycnal upwelling of AW requires additional processes in order
to support it. These are likely to be caused by the large volume flux and heat input from the
AW layer into the lower section of the water column of the Arctic. This is suggested from
the larger volume fluxes and vertical velocities associated with the AW layer, with a
vertical velocity of 1.4 x 10-7 ms-1 towards the UAW and a similar value of -1.2 x 10-7 ms-1
downwards towards the deeper layers. A down-welling cell is likely present in the mid to
deep layers of the Arctic transforming some of the AW into denser deeper waters. This is
possibly caused by the loss of buoyancy. Further work is required to analyze this.
The depth of the interface between these two different modes of mixing is related to the
initial inflow of AW into the Arctic, where it sinks below the surface water due to its
relatively high density. The deep waters of the Arctic are effectively isolated from the
surface fluxes due to the weak vertical mixing. An average dissipation value for the whole
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ocean column of 2 x 10-10 Wkg-1 was calculated, which is similar to recent MS
measurements (Rippeth et al. 2015). This corresponds to a required power of 0.03 TW to
force mixing in the Arctic Ocean.

Figure 20: Schematic figure of the Arctic Ocean showing a summary of the results. The
black arrows show the total flux through all the Arctic gateways into each water layer. The
FW input from precipitation and river inflow, and the export of sea ice are also shown. The
small white arrows show the vertical velocity, w across the water mass interfaces and the
large white arrow signifies the injection of AW water into deeper layers. The red arrows
show the turbulent eddy diffusivity K. The named water masses are labeled. Values for FW
flux and ice export taken from Tsubouchi et al. 2012.

To further address the questions arising from and unconstrained by this project,
thermohaline transformations of water masses could be estimated following the methods
described in Evans et al. (2015). Here the diapycnal water mass transformations are
estimated as fluxes across isotherms and isohalines in order to find the processes
responsible for changes in the distribution of water masses in thermohaline coordinates.
The water mass changes in thermohaline coordinates from the waters leaving the Arctic to
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the water entering the Arctic can be calculated in order to find the path of least resistance
in transforming the water masses inside the Arctic (Figure 21).

Figure 21: Volumetric θ- S plot gridded with δθ = 0.2 oC and δS = 0.05, Model water
mass boundaries (densities) are shown in black. The corresponding densities are 26.0 σ0,
27.1 σ0, 27.5 σ0, 30.28 σ0.5 and 32.75 σ1.0. Net transport per θ-S grid box is shaded with red
for inflow and blue for outflow (Sv). Grey shading indicates no data. The transportweighted mean properties of the inflow (bold circle) are: salinity 34.50, potential
temperature 4.49 oC, density (σ0) 27.34 kgm-3; for the outflow (bold cross), including sea
ice, they are 33.81, 0.25 oC and 27.13 kg,-3. Some conventional water masses in the central
Arctic (MLW – Mixed Layer Water (SW), UHW – Upper Halocline Water (SW – SSW),
LHW – Lower Halocline Water (SSW – UAW), and AW) are shown. Figure from
Tsubouchi et al. 2012.
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