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Abstract Temperature and salinity measurements of an Atlantic Water mesoscale eddy in the Arctic 

Ocean’s Canada Basin are analyzed to understand the effects of velocity shear on a range of double- 

diffusive processes. Double-diffusive structures in and around the eddy are examined through the transition 

from low shear (outside the eddy and within its solid body core) to high geostrophic shear zones at the 

eddy flanks. The geostrophic Richardson number takes large values where a double-diffusive staircase is 

observed and lowest values at the eddy flanks where geostrophic velocity is largest and a well-formed 

staircase is not present. A Thorpe scale analysis is used to estimate turbulent diffusivities in the flank 

regions. Double-diffusive and turbulent heat, salt, and buoyancy fluxes from the eddy are computed, and 

used to infer that the eddy decays on time scales of around  4–9 years. Fluxes highlight that Atlantic Water 

heat within the eddy can be fluxed downward into deeper water layers by means of both double-diffusive 

and turbulent mixing. Estimated lateral variations in vertical fluxes across the eddy allow for speculation 

that double diffusion speeds up the eddy decay, having important implications for the transfer of Atlantic 

Water heat in the Arctic Ocean. 
 

 
 
 
1. Introduction 
 

The vertical temperature and salinity structure in the upper Arctic Ocean consists of warm and salty waters 

derived from the Atlantic Ocean underlying relatively cooler, fresher water modified by fresh river influxes, 

surface buoyancy forcing, and Pacific Ocean influxes. In the Canada Basin, the warm core of the Atlantic 

Water (AW) layer centers around 400 m depth. Although there is a large amount of heat stored in the AW 

layer, in the central basins, this heat is insulated from the surface ocean (and sea-ice cover) by the strong 

Arctic halocline stratification. In the central basins, vertical heat transport from the AW is due largely to 

double-diffusive fluxes, which have been studied extensively [e.g., Neal and Neshyba, 1973; Perkin and Lewis, 

1984; Padman and Dillon, 1987, 1988; Timmermans et al., 2008a].  It is generally found that vertical double- 

diffusive heat fluxes are only a small fraction of ocean-to-ice heat fluxes. There may be a role for turbulent 

fluxes; Padman and Dillon [1989] analyzed thermal microstructure measurements in the Canada  Basin 

double-diffusive staircase, pointing out the presence of breaking internal waves (shear-driven instabilities) 

in the staircase. They showed depth ranges of disturbed step structures and speculated that in the long- 

term average, shear-driven mixing may have important consequences for heat and salt fluxes (although this 

could not be quantified given the limitations of their data). 
 

Double diffusion occurs when temperature and salinity effects on density oppose each other while the stratifi- 

cation is statically stable, and arises because the molecular diffusivity of heat is nearly 2 orders of magnitude 

larger than that of salt [Stern, 1960]. If both temperature and salinity increase with depth (e.g., in the upper 

portion of the AW layer in the Arctic Ocean), then the potential energy required to maintain the double- 

diffusive instability is derived from the destabilizing temperature component of density. This type of double- 

diffusive convection is referred to as diffusive convection (DC) and is associated with a DC staircase (a series of 

homogeneous  layers in temperature and salinity separated by sharp gradients in temperature and salinity). 

The other type of double diffusion arises when temperature and salinity both decrease with depth (i.e., the 

salinity component of density is destabilizing) and is associated with salt fingers (SF), or an SF staircase. The SF 

type of double diffusion is less common in the Arctic; however, at the base of the AW layer, there are occa- 

sionally density stable regions with a structure prone to SF, which can be associated with AW eddies as will be 

shown later in this paper. Further, the SF type of double diffusion plays a role in the propagation of Arctic- 
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wide thermohaline intrusions. These intrusions are centered around the core of the AW, and consist of alter- 

nating DC and SF regions  in depth. Thermohaline intrusions propagate laterally across entire Arctic basins 

driven in part by a net loss of buoyancy [e.g., Carmack et al., 1998; Merryfield, 2002; Woodgate et al., 2007]. A 

comprehensive review of double-diffusive processes is given by Radko [2013]. 
 

In the central Canada Basin, parameterized double-diffusive heat fluxes [Kelley, 1990] from the upper part of 

the AW through the DC staircase are consistent with molecular heat fluxes across staircase  interfaces 

[Padman and Dillon, 1987; Timmermans et al., 2008a]. Double-diffusive fluxes are at least an order of magni- 

tude smaller than ocean-to-ice heat fluxes (0.2 W/m2 compared to several W/m2), and the individual mixed 

layers in the DC staircase (of several meters in thickness) are laterally coherent across hundreds of kilo- 

meters [Timmermans et al., 2008a]. The DC staircase  appears  to persist in a variety of environments ranging 

from quiescent to weakly turbulent [Padman and Dillon,  1987; Melling et al.,  1984; Timmermans et al., 

2008a]. However, the influence of shear-driven turbulent mixing in determining the presence or absence of 

a well-defined double-diffusive  staircase in the Arctic Ocean has not been quantified. Mesoscale eddies 

offer a chance to explore the influence of velocity shear on double-diffusive processes. 

Mesoscale eddies may be an important source of shear-driven mixing in the Arctic Ocean. Observational 

studies indicate a substantial number of mesoscale eddies at all depths, which influence the lateral trans- 

port of properties such as heat, momentum, and nutrients [e.g., Manley and Hunkins, 1985; Pickart et al., 

2005; Timmermans et al., 2008b; Dmitrenko et al., 2008; Carpenter  and Timmermans, 2012; Zhao et al., 2014; 

Watanabe et al., 2014].  Eddies  in the AW layer derive from the AW boundary current and feature double- 

diffusive structures [e.g., Woodgate et al., 2001; Dmitrenko et al., 2008]. Dmitrenko et al. [2008] analyzed an 

AW eddy on the Laptev  Sea continental slope and showed that the temperature and salinity properties of 

the eddy evolve predominantly by vertical double-diffusive fluxes (dominated by salt-finger  fluxes), with 

turbulent fluxes driving property evolution in its deeper portion. 

Here we investigate the detailed structure of an anticyclonic eddy consisting of a warm AW core sampled in 

September 2005 in the northwest Canada  Basin. Study of the eddy provides a means to examine how 

double-diffusive processes depend on varying temperature and salinity gradients and the geostrophic shear 

associated with its presence. A previous study has examined double-diffusive  structures in the presence of 

an eddy (having relatively cool and fresh core waters) in the eastern Caribbean Sea to assess possible  stair- 

case formation mechanisms [Morell et al., 2006].  The coarse horizontal sampling in Morell et al. [2006] pre- 

cluded inferences of a definitive relation between the double-diffusive staircase, lateral temperature and 

salinity gradients, and shear associated with the eddy, although their results suggest a staircase present at 

its flanks and less well-defined  steps in its core. These results imply that the presence of the eddy is associ- 

ated with anomalous core temperature-salinity  values and vertical density ratio amenable to double diffu- 

sion, while the shear associated with the eddy azimuthal velocity was not sufficiently strong to prevent 

well-defined double-diffusive structures from forming. 

In general, the central Arctic Ocean, where double-diffusive mixing features prominently,  is an environment 

of weak turbulent mixing because sea-ice coverage for most of the year limits the penetration of wind- 

energy input to the upper ocean [e.g., Halle and Pinkel, 2003].  Along the boundaries of the Arctic basins, 

mixing levels are higher [e.g., Melling et al., 1984;  Rippeth  et al., 2015],  and double-diffusive  staircases are 

not observed. Elsewhere in the world ocean, several studies have examined the situation of shear-driven 

turbulent mixing and double-diffusive mixing operating concurrently. Analysis of microstructure data (and 

shadowgraph images of optical microstructure) from the North Atlantic Tracer Release Experiment  (NATRE), 

showed that even in the absence of a well-defined SF staircase,  double-diffusive mixing may still persist 

along with turbulent mixing [St. Laurent  and Schmitt, 1999]. Low dissipation rates measured during the 

C-SALT experiment in the tropical North Atlantic indicated smaller buoyancy fluxes through an SF staircase 

in the presence of shear-driven turbulence compared to those inferred from double-diffusive parameteriza- 

tions for pure SF fluxes  [Gregg and Sanford, 1987]. Our investigation of double-diffusive structures concur- 

rently with an AW eddy provides a means to explore the transition between predominantly double- 

diffusive mixing (in the ambient water and eddy core) and turbulent mixing (around the eddy flanks) with- 

out needing microstructure measurements, which can be difficult to obtain in the ice-covered Arctic. 

This paper is organized  as follows. In the next section, we describe the measurements and basic water- 

column structure. We examine temperature and salinity measurements from an Ice-Tethered  Profiler  (ITP) 
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Figure 1. (a) Potential temperature (referenced to the surface) and salinity profiles measured by ITP 1: typical  Canada Basin profile away from the eddy (black lines, 15 September 2005); 

profile through the eddy core (red lines, 23 September 2005). (b) Map showing locations of ITP 1 profiles over the course of its drift, with the eddy location marked by the red dot. 

(c) Sequence of potential temperature profiles through the eddy from 15 September 2005 to 2 October 2005. Each profile is offset by 0.348C from the left-most profile. Blue profiles are 

from the eddy flank regions; red profiles are in the vicinity of the eddy core; black profiles are nominally ambient waters. 

 
that drifted in the Canada Basin and transected an anticyclonic mesoscale eddy in the AW layer. We charac- 

terize the basic eddy structure (including radius and azimuthal velocities) in section 3. In section 4, we char- 

acterize the range of double-diffusive structures within the eddy, and in section 5, we show how double- 

diffusive structures may be influenced by the geostrophic  shear associated with the eddy. Turbulent and 

double-diffusive fluxes are estimated and their relative  roles are assessed in section 6 where we also specu- 

late on eddy decay time scales. Findings are summarized and discussed in section 7. 
 

 
2. Ice-Tethered Profiler Measurements and Water-Column Structure 

 

Temperature and salinity measurements from an ITP (ITP system  number 1) that operated in the Canada 

Basin in 2005–2007 are analyzed here (Figure 1b). An ITP is an automated profiling system deployed in the 

sea ice that provides  year-round  CTD measurements (temperature, salinity, and pressure with accuracies of 
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60:001o  C, 60.005 and 61 dbar, respectively) from several meters beneath the sea ice to 750 m depth 

[Krishfield et al., 2008; Toole et al., 2011]. The CTD system profiles on a tether that is suspended below a sur- 

face float in the sea ice, and data are relayed via underwater modem to the surface float, from which they 

are transmitted to shore via satellite (data are available at www.whoi.edu/itp). Water column measurements 

have a vertical resolution of about 25 cm and a horizontal resolution (profile spacing based on ice drift 

speed and frequency of profile returns) of a few kilometers along the drift track of the supporting ice floe. 

ITP 1 returned 4 one-way profiles per day. Only up-going profiles are used in the analysis because the ITP’s 

CTD sensors are located  at the top of the profiler so that they are affected by turbulence in the wake of the 

profiler body. This affects the measurement of fine-scale double-diffusive  structures of interest here. Further 

details of the ITP system and processing procedures are given by Krishfield et al. [2008]. 

The total along-track drift (cumulative distance) of ITP 1 was about 3500 km (corresponding to a net dis- 

placement of about 1200 km) in the Beaufort Gyre region during the course of 1.5 years (16 August 2005 to 

8 January 2007, Figure 1b). The general water-column structure (from the ice-ocean interface to 750 m 

depth) in this region is as follows: a surface mixed layer rv20 m deep; a warmer Pacific Summer Water layer 

[e.g., Timmermans et al., 2014] centered around 75 m depth; a cooler Pacific Winter Water layer [e.g., Jones 

et al., 1995] centered around 150 m depth; a relatively warm and salty AW layer, which has a maximum  tem- 

perature at around 400 m depth. A well-defined  DC staircase is present in the upper part of this AW layer 

(rv250 m depth, Figures 1a and 1c). Typical jumps between consecutive mixed layers (a few to several 

meters thick) within the DC staircase are rv0:04o C and rv0:014 for potential temperature and salinity, respec- 

tively. Interface thicknesses are rv10 cm based on microstructure measurements reported by Timmermans 

et al. [2008a]. Underlying the DC staircase is a series of intrusive layers (centered near 400 m) that is charac- 

terized by a region of weaker background stratification (in both temperature and salinity) and thicker appa- 

rently mixed layers than those in the overlying  staircase (Figure 1). Each of these layers is actually the weak- 

gradient SF staircase  component of a thermohaline intrusion. 
 

 
3. Characterization of the Atlantic Water Eddy 

 

On 2 September 2005, ITP 1 drifted into anomalously warm AW and appears to have sampled the edge of a 

warm-core anticyclonic eddy centered at depths corresponding to the AW temperature maximum. Around 

20 days later, at a distance of rv18 km to the northeast of the initial encounter, the ITP sampled anomalously 

warm AW and convex isopycnal displacements bounding the warm core in depth. On the assumption that 

both encounters were of the same AW eddy (appropriate given the low frequency of AW eddies in this 

region [see e.g., Carpenter and Timmermans, 2012]), one may estimate the eddy translation velocity to be 

around 0.01 m s21  in a northeast direction, assuming a direct path between encounter locations. The 

inferred direction of eddy propagation is consistent with the large-scale Beaufort Gyre circulation in this 

region [Proshutinsky et al., 2009].  This estimate of eddy translation speed is nearly 1 order of magnitude 

smaller than the mean  ITP drift speed averaged over the duration between the first and second encounters, 

which we infer from GPS measurements  to be rv0:0760:04 m s21. Thus, the ITP measurements  may be 

viewed approximately as a synoptic sampling of a stationary eddy. 
 

We focus only on the second encounter of the AW eddy by the ITP as there were many more profiles for 

analysis. We use 34 up-going profiles that were made during 17 days (15 September 2005 to 2 October 

2005) over an along-track distance of about 85 km (in the vicinity of the red dot, Figure 1b). Time-depth 

transects of potential temperature, salinity, and density (Figures 2a and 2b) show divergence of isopycnals 

around a depth of 280 m associated with the anticyclone in the depth range between about 150 m and the 

maximum sampled depth (750 m). It is simplest to examine the lateral temperature-salinity structure across 

the eddy by considering a transect from the ambient water to the eddy core (e.g., point A to point C, Fig- 

ures 2a and 2b). In the top half of the eddy, following isopycnal layers from point A to point C (the layers 

between around 300 and 450 m depth at point C), temperature and salinity both increase from the ambient 

water to the core. That is, the warm core of the eddy is compensated in density by the corresponding 

increase in salinity. Below this depth, along the isopycnal that is around 500 m depth through the SF stair- 

case in the core of the eddy, salinity decreases from the ambient water (A) to the core (C), with a compen- 

sating cooling. Hence, the temperature and salinity structure is somewhat more complicated than a simple 

warm-core eddy. As the temperature and salinity of the eddy evolve, we anticipate that the warm core loses 

http://www.whoi.edu/itp


BEBIEVA AND TIMMERMANS DOUBLE DIFFUSION IN AN ARCTIC EDDY 461 

 

 

Q) 

Q) 

) 

AGU_ Journal of Geophysical Research:Oceans  10.1 002/2015JC0111 OS 

 

 
a) A 

0 
 

100 

 
200 

B  c  D E  F G 
 

1 

0.8 

0.6 

0.4 

I 3oo 
..c.

 

 

0.2 
-ro 
a> 

0.. 400 
0 

o  E" 
-0.2 2 

500 

 
600 

 
700 

0 10 20 

 

b) 0 
A B 

 

100 
 

200 

 
 
 
 

 
30 40 50 60 70 

Distance  [km] 

C  D  E  F 

-0.4 ;m 
r:::: 

-0.6 2 
-0.8 

-1 
 

80 

 
G 

34.86 
 

34.85 
 

34.84 

I 3oo 
..c. 
0.. 400 
Q) 

0 
500 

 
600 

 
700 

 

0  10 20 30 40 50 60 70 80 

Distance  [km] 

 
c) 

0 

 
100 

 

34.83  r:::: 

-ro 
34.82 en 
 

34.81 
 

34.80 
 

34.79 
 

34.78 

 
 
 
 
 

<Tu<90 

 

200 

I 3oo 
..c. 

g. 400 
0 

 

 
 
 
 

700  
 
0  10 20 30 40 50 60 70 80 

Distance  [km] 

 
Figure 2.(a) Potential temperature CC) along the ITP drift track shown by the white dashed line in Figure 3a (corresponding letters A to 

G are indicated). Black contours are isopycnals (potential density anomaly relative to zero pressure, kg/m3 
. Two white contours show 

isopycnals G1 =27.65 kg/m
3 

and G2 =27.79 kg/m
3
, considered for the analysis in section 5. (b) Salinity along the same transect with the 

lower color bar limit of 34.78 (i.e., smaller values of salinity are represented by the same color (dark blue), which is necessary to delineate 

the small changes in salinity in the eddy). (c) The Turner angle through the eddy with colors indicating DC unstable, SF unstable, and 

doubly stable regions (see text). 



BEBIEVA AND TIMMERMANS DOUBLE DIFFUSION IN AN ARCTIC EDDY 462 

Journal of Geophysical  Research: Oceans 10.1002/2015JC011105 
 

 

2 

 

 
heat and salt to the overlying and underlying layers, ultimately modifying the vertical temperature and 

salinity gradients. 

Eddy core properties provide a clue as to its probable formation location. The warmest eddy core water is 

rv0:3o C warmer than the maximum potential temperature of the surrounding water (rv0:95o C at around 

400 m). This eddy was likely formed due to instability of the AW boundary current [see e.g., Woodgate 

et al., 2001]. Potential temperature in the boundary current in the vicinity of the Northwind Ridge in 2005 

was rv1o C [McLaughlin  et al., 2009], somewhat cooler than the rv1:3o C eddy core. Further upstream, in the 

vicinity of the Lomonosov Ridge, however, core temperatures of the AW boundary current are compara- 

ble to eddy core temperatures [Polyakov et al., 2011].  Given the spatial and temporal variability in AW 

boundary current structure [e.g., Woodgate et al., 2007], we speculate that the eddy was formed by baro- 

clinic instability somewhere in the general region between the Lomonosov and northern Northwind 

Ridges. 

Near the core of the AW eddy, thermohaline intrusions are more pronounced than in the surrounding (ambi- 

ent) water,  i.e., stronger temperature and salinity gradients between thicker intrusive layers (Figure 1c). The 

DC staircase in the upper part of the eddy shows no major differences from that in the ambient water, except 

at the eddy flanks where a well-defined staircase structure is absent. An SF staircase appears only at the base 

of the AW eddy, where temperature-salinity stratification differs appreciably from that of the ambient water in 

the same depth range. Close inspection indicates that the salinity profile through the eddy core is destabiliz- 

ing where the SF staircase is present. The most pronounced SF staircase is observed immediately below the 

center of the eddy rv550 m depth (Figure 1c). The typical interface thickness for the SF steps is rv1 m (resolved 

by the ITP with vertical resolution of about 25 cm), and temperature and salinity interface jumps are rv0:06o C 

and rv0:002 respectively. A well-defined SF staircase is absent at the flanks of the eddy and in the ambient 

water. 

Eddy azimuthal velocity can be estimated from dynamic heights assuming cyclogeostrophic balance and a 

level-of-no-motion in the integration of 750 m depth. The 750 m depth limitation of the ITP profiles may 

contribute some error in the velocity magnitude if there is nonnegligible  velocity below this. For example, a 

level of no motion of 650 m depth yields a smaller cyclogeostrophic velocity by about 20%, although quali- 

tatively the velocity profile remains the same. Note that the velocity estimates are only a lower bound given 

the finite horizontal profile spacing (on average rv2 km for the profiles analyzed here). 

For the computation of cyclogeostrophic velocity, the eddy center position must be known [see e.g., Pad- 

man et al., 1990].  To estimate the eddy center position and its radius, we assume a form for its velocity 

structure and minimize the error between the velocity obtained using an idealized eddy structure and 

cyclogeostrophic velocity computed from the measurements. A Rankine vortex structure is consistent with 

past observations of mesoscale eddies [e.g., Flo'r, 2010] including Arctic Ocean eddies [e.g., Timmermans 

et al., 2008b; Zhao et al., 2014], and has a velocity field given by 

8 
Vmax r 

 
r < R ><  

R 
V ðrÞ5    

V R
 

 

(1) 
> max 

r 
r > R; 

 

where Vmax is maximum azimuthal velocity, R is eddy radius, and r is distance from the eddy center. The non- 

linear regression procedure involves a best guess of the eddy center location (latitude and longitude), and 

computation of cyclogeostrophic velocity from this center on a depth level of 300 m (the level of maximum 

cyclogeostrophic velocity). Azimuthal velocity is then computed from (1), adjusting Vmax  and R to minimize 

the difference (using the method of least squares) from cyclogeostrophic velocity for the chosen eddy center 

location. This procedure  is repeated for all possible eddy center locations to converge on the best combina- 

tion of R, Vmax, and eddy-center location. This fitting yields an eddy radius of R5961 km, consistent in magni- 

tude to the first baroclinic Rossby deformation radius in this region [Zhao et al., 2014].  The lower bound of 

maximum azimuthal velocity on 300 m depth is Vmax 50:1360:01 m s21 (Figure 3). These values give a Rossby 

number (Ro52Vmax =fR, where  f 51:431024  s21 is the Coriolis parameter) [see Zhao et al., 2014] of Ro "' 0:2. 
h 

2  
i 

A Gaussian model  [e.g., von Appen et al., 2014], V 5Vmax ðr=RÞexp  1 ð12ðr=RÞ Þ  , which has a smooth velocity 

profile and continuous first derivative, is also a reasonable approximation of the velocity structure, and the 
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Figure 3. (a) Map showing the ITP drift track through the eddy (the dashed white line with colors representing potential temperature (8C) 

at 400 m depth) and the reconstructed potential temperature field computed using a Gaussian distribution h5ha 1Dhexp½2r2 =ð2dR2 ÞJ, 

where ha is ambient water potential temperature (at 400 m), Dh5h0 2ha  is the difference between the eddy core potential temperature 

(h0) and the ambient water potential temperature, and d is a nondimensional shape parameter that is part of the fit. The eddy radius R59 

61 km and core position are used from the velocity fit as described  in the text. Regression results give d50:6060:06; Dh50:38C, and core 

potential temperature h0 51:360:18C. (b) Cyclogeostrophic velocity (m/s) at 300 m depth along the ITP drift track shown in Figure 3a. Zero 

distance corresponds to the core position of the eddy estimated from the least squares fit (see text). Negative velocities represent negative 

radii, and positive velocities represent positive radii. The solid blue line represents the Rankine vortex model (1) and the dashed red line is 

the Gaussian model. The data do not extend beyond 10 km on the positive side of the x axis because the ITP drift track is a U-turn at point 

D; the ITP transected the eddy twice: first, going to the northwest and then back through the eddy in a southeast direction. 

 
choice of fit makes little difference to the characterization of the eddy (Figure 3). A Gaussian model seems 

to better represent the potential temperature h field; a good fit of measured values to an empirical Gaussian 

temperature distribution can be obtained (assuming the core position and radius computed above) on a 

depth level of 400 m, where the maximum potential temperature of the AW eddy was sampled (Figure 3). 
 

 
4. Double-Diffusive Structures Within the Eddy 

In order to examine the impact of velocity shear on double diffusion, we begin by characterizing the range of 

double-diffusive  structures within and around the eddy. The condition for double-diffusive instability can be 

characterized in terms of the vertical density ratio Rq 5bSz =ahz , where  hz and Sz are vertical gradients of poten- 

tial temperature and salinity, and the overbar represents a bulk gradient as opposed to a temperature or 

salinity gradient across a single  interface, a52ð1=q0 Þð@q=@hÞS;p    is the  thermal expansion coefficient, 

b5ð1=q0 Þð@q=@SÞh;p   is the saline  contraction coefficient, and q0   is a reference density.  Double-diffusive 
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q0 f 

 

 
instability can occur when either both potential temperature and salinity increase with depth (the DC type of 

double diffusion, Rq  > 1) or both quantities decrease with depth (the SF type of double diffusion, 1=Rq  > 1; 

note that in the SF case, the density ratio is often defined as the inverse of the definition for Rq   used here). In 

general, Rq  < 10, where DC staircases are found [e.g., Kelley et al., 2003], while for an SF-unstable stratification, 

1=Rq  < 2, where staircases are observed  (see Radko [2013], for a summary of these observational studies). 
 

An alternative indicator of the stability of a water column to double-diffusive processes is the Turner angle, 

Tu [Ruddick, 1983]. Tu is defined  as a function of the vertical density ratio 

  ! 

Tu5tan21    11Rq
 

12Rq 

; (2) 

 

and avoids the issues of the infinite ranges and ambiguous sign of Rq  (i.e., Rq  < 0 could mean either doubly sta- 

ble or unstable stratification). When Tu is in the range ½290o  : 245o J  the water column is DC unstable, while 

strong DC instability is characterized  by 290o  < Tu < 251o  (Tu5251o  corresponds to Rq 510), and weak DC 

instability by 251o  < Tu < 245o . For  Tu within ½45o  : 90o J,  stratification is susceptible to SF, where strong SF 

instability is characterized  by 72o < Tu < 90o , and weak  SF instability by 45o < Tu < 72o [Ruddick, 1983]. Tu in 

the range ½245o  : 45o J  indicates a doubly stable region. For jTuj > 90o ,  the water column is gravitationally 

unstable. 
 

The AW eddy shows the complete spectrum of double-diffusive instabilities from DC unstable regions at its 

top boundary to the SF instability at its base, with thermohaline intrusions in between (Figure 2c). Tu is 

computed through the eddy by averaging potential temperature and salinity gradients over 1.5 m above 

325 m depth where rv1 m DC layers are present. Below 325 m depth where intrusions are present, and an 

SF staircase  underlies  the intrusions in some profiles, Tu is computed by averaging gradients over 5 m. 

Depth segments over which to average were chosen as a trade-off between the necessity for fine vertical 

resolution and elimination of noise in the profiles. 

Several distinct Tu zones are clearly identified (Figure 2c). The upper layers (shallower than 200 m) show 

regular alternating bands of doubly stable and weak DC stratification.  This banding indicates different water 

layers: a shallow near-surface temperature maximum associated with solar absorption during summer [e.g., 

Jackson et al., 2011] overlies layers of Pacific Ocean origin modified over all seasons. Close inspection in 

depth ranges with weak DC-favorable Tu values indicates hints of poorly defined staircase structures, with 

mixed layer thicknesses of rv122 m. The depth interval between 190 and 325 m shows almost exclusively 

Tu in the range ½290o  : 251o J, indicating strong DC instability. Between 325 and 500 m depth in the ambi- 

ent water (zones A and G, Figure 2c) is characterized by thermohaline intrusions, and Tu alternating in 

depth between DC and SF regimes. Thermohaline intrusions are also evident in Tu values in the core of the 

eddy, and appear to be laterally coherent from the ambient water to the core. The depth interval between 

450 and 550 m at the base of the eddy (zones C and E, Figure  2c) is strongly SF-unstable, and marked by a 

pronounced SF staircase  that is not present in the ambient water. Depths below rv500 m in the ambient 

water and below rv550 m at the location of the eddy are generally doubly stable. However, Tu values indi- 

cate layers prone to weak  SF instability and small layers of rv122 m thickness appear in some profiles. 
 

 
5. Double Diffusion in the Presence of Shear 

 

Past studies  have addressed the question of what may cause the destruction or disappearance of staircase 

structures and the relative roles of turbulent and double-diffusive mixing. In the Arctic setting, it has been sug- 

gested that the absence of DC staircase structures could be due either to large values of Rq   (implying weak 

double-diffusive fluxes) or enhanced shear-driven turbulent mixing in the boundary regions [e.g., Timmermans 

et al., 2003, 2008a]. To assess the stability properties of the water column influenced by the shear associated 

with the eddy, we use the geostrophic Richardson number, where the shear Sg  (the vertical gradient of the 

horizontal velocity) is computed by the thermal wind balance  [see e.g., van Gastel and Pelegr'ı, 2004]. That is, 

N2 

Rig 5 
2 

; (3) 
g (  ) 

where N252ðg=q0 Þð@q=@zÞ is the buoyancy frequency, Sg 5  g
 ð@q=@xÞ, g is gravitational acceleration, 

and x is distance along the ITP  drift track between profiles. Note that only the geostrophic shear is 
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considered here (and not the cyclogeostrophic  shear). For this Ro "' 0:2 anticyclone, the magnitude of 

cyclogeostrophic  shear is larger by only several percent. 

To quantify the presence or absence of a staircase (or step structure), we introduce a step index parameter. 

This parameter is computed over a depth interval centered on an isopycnal that remains in a given staircase 

zone laterally from the ambient water through the core of the eddy, at the top of the eddy for the DC 

regime (shallow white contour, Figure 2a) and at the base of the eddy for the SF regime (deep white con- 

tour, Figure 2a). The step index is calculated to be the number of layers over a given depth. Each step is 

detected based on two consecutive peaks in vertical potential temperature gradient (hz) that correspond to 

sharp interfaces between the mixed layers, where hz > 0:03o C=m is found to be an appropriate threshold 

for interface detection. The step index for a DC staircase is computed within a 30 m depth interval (615 m) 

around the chosen isopycnal (at depths of the DC staircase, 30 m is about the largest depth interval where 

property gradients can be approximated to be linear, and this is required for computation of bulk proper- 

ties). The step index for an SF staircase  is computed within a 60 m depth interval (630 m) around a chosen 

isopycnal. The larger depth interval for the SF regime encompasses the entire vertical extent of the SF stair- 

case. Visual inspection of the profiles confirms that low step indices are consistently associated with the 

absence of a well-defined step structure and high step indices are consistently associated with a robust 

staircase. For more general application,  the step index as defined  here should be used with caution because 

higher step indices may be not only associated with the presence of layers, but possibly also thinner layers; 

in our case, this is not an issue because step thicknesses do not change appreciably over the region and 

depth ranges considered. 
 

We examine the vertical structure of the water column by evaluating the following gradient quantities: the 

absolute value of geostrophic shear Sg ,  density ratio Rq ,  buoyancy frequency N2 , and the geostrophic 

Richardson number Rig . Each of these is based on salinity, potential temperature, and potential density (ref- 

erenced to the surface) averaged over the same depth interval used for the step index calculations,   i.e., 

30 m for the DC case and 60 m for the SF case (see Figures  4 and 5, respectively). Such averaging gives the 

bulk characteristics rather than the properties of individual interfaces within staircase structures. 
 

5.1. The DC Regime 

At the top of the eddy, we choose the r1 527:65 kg/m3  isopycnal (shallow white contour, Figure 2a) for 

analysis because geostrophic  shear is largest in a 30 m depth range centered around this isopycnal at the 

eddy flanks, and is minimal close to the eddy center. Visual inspection of potential temperature profiles in 

the depth range centered on r1  indicates that the DC-type staircase is present within the eddy core (i.e., 

closest to the horizontal eddy center) and away from the eddy (in the ambient water) where shear is weak 

or absent (Figure 4a). 
 

The vertical density ratio is Rq  "' 4 in the ambient water, in agreement with typical values of vertical density 

ratio in this region [Timmermans et al., 2008a].  Rq  remains within the DC-favorable range even at the eddy 

flanks (locations  B, D, and F, Figures  3a and 4) where steps are not observed and Rig   is relatively small. 

Within the eddy core (C and E, Figure  4), Rq  decreases slightly, indicating somewhat stronger susceptibility 

to the DC type of double diffusion, although across the eddy, Rq   remains within the DC-favorable range 

(Rq  "' 3:5). 

The buoyancy frequency N2 is minimum within the weakly stratified eddy core, being about half the value it 

attains in the ambient water. The geostrophic Richardson number is highest in zones of low shear outside the 

eddy and within the eddy core, and attains values Rig rv Oð100Þ at the eddy flanks  (B, D, and F, Figure  4). 

There is a strong correlation between step index and the magnitude of the geostrophic shear (Figure 6a), with 

large step index (indicating a robust DC staircase) both in the ambient water and within the eddy core  (A, C, 

E, and G, Figure  4) and low step index on the flanks of the eddy (where azimuthal speeds and vertical shear 

are maximal; B, D, and F, Figure  4). Small values of step index where shear is low (Figure 6a) are generally 

observed just outside the eddy where computed shear is weak while steps are not robust (16–19 km and 

around 70 km,  Figure 4b); given the limitations  of the geostrophic  velocity calculations discussed earlier, 

velocity measurements  are required to analyze this further. The geostrophic  Richardson  number below 

which the step index decreases by 1=e is computed  from an empirical fit (Figure 6a), using the mean value of 

N2 "' 231025  s22  in regions where Sg   is around 231024  s21, to be Rig  rv O(100). We perform the fit on 

Sg  because Rig varies by several orders of magnitude across the eddy. 
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Figure 4. (a) Representative potential temperature profiles at locations corresponding to the letters shown in Figure 3a. The depth ranges shown correspond to the 30 m depth interval 

centered around r1 (i.e., the top white contour in Figure 2a) at each of the locations shown. (b) The DC step index, absolute value of Sg  (s 21 ), potential temperature h (o C), density ratio 

Rq , buoyancy frequency N2 (s 22 ), and Richardson number Rig evaluated over the 30 m depth range centered on r1. 

 
5.2. The SF Regime 

To investigate the SF  regime at the eddy base, we choose an isopycnal that spans the SF staircase, 

r2 527:79 kg/m3 (deep white contour, Figure 2a). Steps are absent at the eddy flanks (B, D, and F, Figure  5a) 

and in the ambient water (A and G, Figure 5a) where temperature-salinity stratification is not susceptible to 

SF-staircase formation. Below the eddy center, temperature and salinity decreases with depth providing 

conditions amenable to an SF staircase  with 1=Rq  rv 2. Near the beginning and end of the transect (around 

5 and 75 km, Figure 5), r2  lies within the double-diffusive intrusions in the ambient water (where both DC 

and SF unstable gradients exist) and averaging over the considered depth range gives low values of 1=Rq . 

There is some evidence in the ambient waters for the presence of an SF staircase,  with the occurrence of a 

few thin mixed layers in some profiles. This lateral change in structure is an important feature (and the sub- 

ject of a future study) that relates to the unresolved issue of staircase formation; a double-diffusive  staircase 

is thought to form either by thermohaline intrusions evolving into a staircase [Merryfield, 2000], or instability 

of a vertical profile and subsequent layer merging [Radko, 2003], or both. 
 

The step index is zero in the ambient water (A and G, Figure 5) where  temperature-salinity stratification is not 

susceptible to SF-staircase formation. The step index is also zero where shear is high (B, D, and F, Figure  5), 

even though the temperature-salinity stratification is SF-unstable; following r2  from the ambient water into 

the eddy, 1=Rq   changes from doubly stable to SF-unstable. As shear decreases from the flanks to the eddy 

center, the step index  increases (C and E, Figure 5). 
 

In summary, there are three distinct regions across the lower portion of the eddy: low shear and low step 

index characterizing the ambient water, low shear and high step index characterizing the eddy core, and a 
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Figure 5. (a) Representative potential temperature profiles at locations corresponding to the letters shown in Figure 3a. The depth ranges shown correspond to the 60 m depth interval 

centered around r2 (i.e., the bottom white contour in Figure 2a) at each of the locations shown. (b) The SF step index, absolute value of shear Sg  (s 21 ), salinity  S, inverse density ratio 

1=Rq , buoyancy frequency N2 (s 22 ), and Richardson number  Rig  across the eddy evaluated over the 60 m depth range centered on r2. 

 
transition zone at the eddy flanks (Figure 6b). The Richardson number is high outside the eddy and within 

the eddy core, where shear is small. While these depths are less stratified  than at the top of the eddy, the 

magnitude of shear is smaller at these depths, and Rig  rv O(100) in the eddy flank regions (comparable to 

the value in the flank regions at the top of the eddy). The geostrophic Richardson number below which the 

step index decreases by 1=e is again computed from an empirical fit to Sg  (Figure 6b), using the mean value 

of N2 "' 1026  s22 in regions where Sg  is around 0:531024  s21, to be Rig  rv O(100). We discuss this further in 

section 7. 
 

 

6. Implications for Mixing and Eddy Evolution 
 

While we have shown that double-diffusive staircases do not persist at the flanks of the eddy, the conse- 

quences for heat, salt, and buoyancy fluxes in and around the eddy remain to be examined. The direction 

of the vertical buoyancy flux differs between purely turbulent mixing and purely double-diffusive: shear- 

driven turbulence mixes density down-gradient, whereas double diffusion (both DC and SF) mixes  density 

up-gradient (i.e., the flux of density is downward and stratification  increases) as double diffusion is driven 

by the release of potential energy in the unstable component. Previous investigators have suggested that 

the occurrence of turbulence in double-diffusively favorable conditions leads to a net buoyancy flux that 

depends upon the relative strength of each type of mixing [e.g., St. Laurent  and Schmitt, 1999]. When a 

double-diffusive  staircase is not observed, it is likely that the up-gradient density flux is not sufficient to 

maintain layers. However, the absence of a well-formed staircase does not necessarily mean that double- 

diffusive mixing is not taking place; it is possible that both double-diffusive mixing and turbulent mixing 

operate concurrently. 
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Figure 6. Dependence of shear on step index for (a) the top (DC region) of the eddy, where for all points ð290o  < Tu < 245o Þ (DC  favor- 

able); (b) the bottom (SF region) of the eddy, where open circles indicate Tu in the range ½245o  : 45o J (doubly stable), black closed circles 

indicate ð45o  < Tu < 90o Þ (SF  favorable), and stars are values at the start and end of the transect where ð45o  < Tu < 90o Þ, although steps 

are not observed (see text). The vertical solid line indicates the value of shear where the step index is 1=e of its value for no shear. The 

dashed line is an empirical fit (considering only the closed black circles in Figures 6b). 

 
In order to quantify the double-diffusive and turbulent contributions to the total mixing, microstructure 

measurements are needed to estimate the rate of dissipation of kinetic energy E,  and to infer the mixing 

efficiency (or dissipation flux coefficient) based on this [see e.g., Thorpe, 2005]. A three-parameter family 

(mixing efficiency, vertical density ratio and either the Richardson number or the buoyancy Reynolds 

number to quantify turbulence) allows for the delineation of double-diffusive and turbulent mixing [e.g., St. 

Laurent and Schmitt,  1999; Inoue et al.,  2007]. Through examination of the statistical distribution of 

microstucture measurements to determine the relative contribution of turbulent and double-diffusive mix- 

ing in a given setting, effective diffusivity can be estimated  as a weighted sum of these two types of mixing 

[e.g., St. Laurent and Schmitt, 1999]. 

Without microstructure measurements, it is not possible to determine how total mixing is partitioned 

between double-diffusive and turbulent contributions at the eddy flanks. However, we can constrain diffu- 

sivity estimates by assuming that shear-driven turbulence dominates at the eddy flanks, and that pure dou- 

ble diffusion takes place in regions with a well-defined staircase. In this way, we can examine how lateral 

(radial) changes in vertical fluxes across the eddy may influence its temperature/salinity evolution and 

dynamics. 

 
6.1. Turbulent Fluxes at the Eddy Flanks 

To estimate turbulent heat, salt, and buoyancy fluxes in the flank regions, we first estimate turbulent diffu- 

sivities at the eddy flanks (assumed to be purely turbulent) at both the top and bottom of the eddy. With 

knowledge of the diffusivities, the heat flux Fh and the salt flux FS can be estimated  as 
 

Fh 5qcp Kh hz ; (4) 

 
FS 5KS Sz ; (5) 

 
where cp is the specific heat of seawater, and Kh  and KS are heat and salt diffusivities (Kh 5KS  in the case of 

fully turbulent mixing, as assumed here for the eddy flanks). 
 

In the absence of microstructure measurements, a turbulent diffusivity can be estimated by examining den- 

sity overturns  (i.e., unstable  regions in the density profile). Such density inversions give the vertical scale of 

overturning eddies (turbulent mixing), or the Thorpe  scale LT defined as the root-mean-square of vertical 
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displacements of water parcels required 

to convert an observed unstable den- 

sity profile into one with stable stratifi- 

cation [see Thorpe,  2005].  A turbulent 

diffusivity  can be estimated from the 

Thorpe scale and the buoyancy 

frequency as K t  "' 0:1 N  L2   [e.g.,  Dillon, 

1982]. 
 

At the top of the eddy, we again con- 

sider a 30 m depth interval centered 

around r1. Stratification in this region 

is sufficiently strong that  instrument 

noise is much smaller than the density 

change over the depth interval. Fol- 

lowing the procedure of Timmermans 

et al. [2003], we compute LT  "' 10 cm 

at the eddy flanks in this depth inter- 

val, which gives a turbulent diffusivity 

r1   
"' 10 m2 s21 equal for both heat 

 

 
 
 

Figure 7. Schematic showing a time-depth transect through the eddy; black lines 

show isopycnals r1 and r2. The directions (and approximate relative magnitudes, 

not to scale) of heat (Fh ), salt (Fs), and buoyancy (B) fluxes, as well as diffusivities, 

are shown; superscripts DC and SF represent top and bottom staircase regions 

where purely double-diffusive mixing is assumed to occur; superscript t indicates 

the purely turbulent eddy flanks (top and bottom). Vertical grey dashed lines 

mark the boundaries between the eddy core and flanks. Fluxes at the eddy flanks 

are indicated only on one side of the eddy in order to simplify the diagram. 

and salt (all notation is defined in Fig- 

ure 7). In these low turbulence envi- 

ronments, there exists the possibility 

that  unstable displacements  indicate 

instrument  noise [see Johnson and 

Garrett, 2004]. To consider this possibil- 

ity, we added random noise (having an 

RMS value equal to 1:231023  kg m23) 

to the resorted potential density pro- 

file  around  r1    and  computed  the 

resulting  Thorpe scales [see Galbraith and Kelley, 1996; Timmermans et al., 2003]. Further,  we computed run 

lengths  (i.e., the number of adjacent measurements in depth where the density difference from the sorted 

profile has the same sign) for both the resorted profile with added noise, as well as the original profile; noise 

should result in short runs of alternating positive and negative displacements while Thorpe displacements 

should have longer run lengths [see Galbraith and Kelley, 1996].  In this case, the Thorpe scale computed 

from the profile with added noise is LTN  "' 60 cm, with an RMS run length of about 2 (close to the theoreti- 

cal limit) [Galbraith and Kelley, 1996]. For the measured profile, LT "' 10 cm, with an RMS run length of about 

11. That is, run lengths of the profile are much larger than the short run lengths associated with noise, and 

we conclude that the observed displacements can be attributed to mixing. 
 

The diffusivity K t 
1 

 

estimated from Thorpe overturns may be compared to a turbulent diffusivity K t 5CE=N2 

[Osborn, 1980] computed from microstructure measurements in the AW thermocline in regions where there 

is no double-diffusive  staircase [see Rippeth et al., 2015]. We take the rate of dissipation of turbulent kinetic 

energy to be E "' 1029  W kg21 in the AW thermocline in the Canada Basin [Rippeth et al., 2015]. The low dis- 

sipation rate is close to the noise floor [Rippeth et al., 2015; see also Robertson et al., 1995], and can provide 

only an upper bound on diffusivities. Estimates of the dissipation flux coefficient C can differ substantially 

depending upon the physics of the flow field [Moum, 1996] and the stage of the evolving turbulence [Smyth 

et al., 2001].  C has been shown to vary from about 1 to 2 at the initial stages of shear-driven turbulence 

(when Kelvin-Helmholtz billows grow) toward rv0.2 when turbulence is fully developed [see e.g., Smyth 

et al., 2001; Peltier and Caulfield, 2003]. Here we assume fully developed turbulent mixing at the eddy flanks, 

where intermittency in the turbulence is not likely to be a significant factor, and take C "' 0:2, in general 

agreement with past observational  studies [e.g., Moum, 1996]. These values for E  and C yield a turbulent 

diffusivity K t 
1 
"' 1025   m2  s21,  in agreement with  that obtained in our Thorpe scale analysis.  Finally, 

we note that turbulence in a stratified water column can be characterized by the buoyancy Reynolds num- 

ber Reb 5E=ðmN2 Þ which is about 40 in the turbulent eddy flanks (where we use E "' 1029  W kg21, kinematic 
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viscosity m51:831026  m2 s21, and N2 51:531025  s22). This is above the threshold for the transition from 

molecular to turbulent mixing (Reb  "' 7), but below the transition to a fully energetic turbulent regime, 

Reb  > 100; these concepts are reviewed by Ivey et al.  [2008] who also point out that estimating the 

turbulent diffusivity as 0:2E=N2  is a valid approximation when Reb is in the range 7 < Reb  < 100. 

Having estimated the turbulent diffusivity, we can now compute turbulent fluxes, from (4) and (5), at the 

top flanks of the eddy (for the remainder of the text, positive (negative) fluxes are directed upward (down- 

ward)). With Kh 5KS 5K t  , and hz "' 0:014o C/m and Sz 5231023  m21  over a 30 m depth interval centered 

around r1, we find the turbulent heat and salt fluxes to be Ft
 "' 0:6 W/m2 and Ft

 "' 231028  m s21. 
 

The buoyancy flux can be expressed as 

(   

B5g   
aFh 

2bF
 

5g 
aFh 

12R
 

; (6)
 

qcp 
S
 qcp 

ð F Þ
 

 

where RF 5qcp bFS =aFh  is the flux ratio, quantifying the density flux of salt (bFS ) to the density flux of heat 

(aFh ). Using (4) and (5), it can be shown that RF 5Rq  at the eddy flanks, where turbulent diffusivities for salt 

and heat are equal. Therefore, with Rq  "' 3:5, the buoyancy flux at the flanks is Bt
 "' 22:5gaFt

 =qcp "' 

22:3310210  m2 s23. 
 

We also use the Thorpe scale approach to estimate the turbulent diffusivity at the eddy flanks at the base of 

the eddy. Stratification at the eddy base is an order of magnitude weaker than at the top of the eddy, and 

noise in the density profile affects the results here [see e.g., Johnson and Garrett, 2004]. However, assuming 

a tight  relationship between temperature and salinity, potential temperature may be used to assess 

overturns and calculate the Thorpe scale. We consider a depth range of 30 m centered around r2  to avoid 

intrusions at the eddy flanks that enter for a larger depth range. The basic state temperature profile is 

always decreasing with depth in the considered depth range (i.e., any increase in temperature with depth is 

associated with turbulent mixing rather than a salinity-compensated double-diffusive structure). In the 

flank regions, we find LT  "' 20 cm, corresponding to K t "' 1025  m2 s21. This value falls within the range of 

typical values of diffusivity (inferred from microstructure) for water masses around 400 m depth in the 

region ð0:322Þ31025  m2 s21 [Rainville and Winsor, 2008]. 
 

Again, we consider the possibility of instrument noise affecting the Thorpe calculations. The same proce- 

dure is applied to the potential temperature profile around r2, with the random noise taken to have an 

RMS value of 931024  8C (i.e., near  the instrument  resolution). Here LTN "' 60 cm, with an RMS run length of 

2.5 (close to the theoretical limit), and LT  "' 20 cm with an RMS run length of 43, much larger than the RMS 

run length of the resorted profile with added noise. Again we conclude that the unstable regions in the 

density profile are real Thorpe displacements due to turbulent mixing. 

We use the estimated value of turbulent diffusivity at the bottom flanks of the eddy (K t  ) to compute heat, 
2 

salt, and buoyancy fluxes there. The turbulent heat and salt fluxes computed from (4) and (5) are Ft 
2 
"' 20:2 

W/m2 and Ft 
2 
"' 2231029  m s21, where hz "' 2531023 8C/m and Sz   "' 2231024  m21 are the bulk vertical 

potential temperature and salinity gradients over a 60 m depth interval centered around r2. The buoyancy 

flux can be estimated from (6), with 1=RF 51=Rq  "' 2, as Bt
 "' 0:5gaFt

 =qcp "' 21:8310211  m2 s23. We next 

estimate double-diffusive fluxes at the eddy core for comparison to these turbulent fluxes at the eddy flanks. 
 

6.2. Double-Diffusive Fluxes at the Eddy Core 

Heat and salt fluxes through the double-diffusive  staircases at the top and base of the eddy core can be 

computed using 4/3-flux parameterizations based on the potential temperature and salinity differences 

across an interface between two adjacent mixed layers. Using the estimated double-diffusive  fluxes, effec- 

tive diffusivities in the DC and SF staircases  can be computed from (4) and (5). 

The double-diffusive  heat flux across interfaces in the DC staircase may be parameterized based on the for- 

malism of Kelley [1990]: 

 
FDC

 
 
4:8=R0:72 

(agj)1=3  
4=3

 

h   50:0032e q      qcp      
Pr 

ðDhÞ ; (7) 

 

where Dh is the potential temperature jump across interfaces, cp 5 3980 J/(kg8C) is the specific heat of seawater, 

Pr5m=j is the Prandtl number, m51:831026  m2 s21 is the kinematic viscosity, and j51:431027  m2 s21 is the 
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molecular diffusivity of heat. This parameterization has been shown to be a reasonable approximation for heat 

fluxes through the DC staircase in this region of the Canada Basin [Timmermans et al., 2008a]. Equation (7) yields 

a heat flux through the DC staircase in the eddy core region of FDC   "' 0:15 W/m2 around r1, in agreement with 

the magnitude of DC heat fluxes in the ambient water of the central Canada Basin region computed by Timmer- 

mans et al. [2008a]. 
 

The salt flux in the DC staircase where Rq  "' 3:5 may be estimated using the flux ratio, which has been 

shown empirically to be RF  "' 0:15 [Turner, 1965]. This yields a salt flux of FDC   "' 2310210  m s21. The buoy- 

ancy flux computed using (6) is BDC  "' 0:85gaFDC =qcp "' 1:8310211  m2 s23, directed upward (i.e., stratifica- 
r1 hr1 

tion increases when purely double-diffusive mixing takes place). 
 

Using the DC heat flux, an effective diffusivity for heat at the top of the eddy core may be computed from 

(4) as K DC "' 2:6 31026  m2 s21  (where hz "' 0:014o C/m). This value is comparable to a diffusivity inferred 

from velocity measurements of 1026  m2 s21  between 150 and 400 m depth in the staircase region of the 

ambient water [Guthrie et al., 2013].  Similarly,  using the DC salt flux FDC   (equivalently, writing the ratio of 
1 

salt to heat diffusivities as RF =Rq ), we find an effective diffusivity for salt K DC 51:131027  m2 s21. 

To compute a heat flux through the SF staircase  at the base of the eddy core, we use the double-diffusive 

salt-flux parameterization of Schmitt [1979] together with the definition of RF, which gives: 
 

FSF
 qcp

 
 
1=3

 
 
4=3

 

h  5C 
R  a 

ðgjÞ
 

ðbDSÞ ; (8) 

 
3 

where DS  is the salinity jump across an interface, and the coefficient C50:0510:3Rq is an empirical 

function of the density ratio [Schmitt, 1981]. Numerical and observational studies indicate that RF  "' 1=0:7 

for 1=Rq  "' 2 in the SF staircase  (an overview of these studies can be found in Radko [2013]). This yields a 

heat flux FSF 
2 
"' 20:8 W/m2, and a salt flux FSF

 "' 2231028  m s21, through the SF staircase  at the eddy 

base. These fluxes imply effective diffusivities of heat K SF 
2 
"' 431025  m2 s21  (where hz "' 2531023 8C/m) 

and salt K SF 
2 
"' 1:131024  m2 s21 (using  RF "' 1=0:7; 1=Rq 52). 

The buoyancy flux in the SF staircase  is BSF  "' 20:43gaFSF =qcp "' 6:2310211  m2 s23. Note that the SF buoy- 
r2 r2 

ancy flux at the base of the eddy is about 4 times larger than the DC buoyancy  flux at the top, commensu- 

rate with the study of the evolution of an eddy of Mediterranean origin [Hebert, 1988] where heat loss from 

the top is dominated  by the salt loss at its base with respect to buoyancy (i.e., a net loss of buoyancy due to 

double-diffusive  fluxes) [see also Dmitrenko et al., 2008]. 

 
 

6.3. Comparison of Turbulent and Double-Diffusive Fluxes 

Double-diffusive and turbulent fluxes compete in setting the evolution of the eddy. The buoyancy flux is 

directed upward (i.e., stratification  increases) in both the DC and SF staircases.  In the flank regions at the 

top and bottom of the eddy, the buoyancy flux is directed downward, driving a decrease in stratification. 

Under the simplest assumption of no lateral redistribution of buoyancy, and area weighting the vertical 

buoyancy fluxes (the area of a horizontal slice through the eddy can be divided into approximately 1/4 core 

region and 3/4 flank regions), we find a net buoyancy flux into the eddy (i.e., the eddy becomes less dense 

over time). However, the lateral redistribution of buoyancy is likely to be important. Buoyancy is removed 

from the top of the eddy core, and replaced by turbulent mixing at its flanks. The bottom part of the eddy 

becomes more buoyant over time (by SF fluxes)  at the core, while buoyancy is removed at its flanks by tur- 

bulent mixing in the deeper portion (Figure 7). 

Similarly, the net heat and salt fluxes are governed by the combination of double-diffusive and turbulent 

processes. At the top of the eddy, the turbulent heat flux in the flank regions is larger by a factor of rv4 than 

the heat flux through the DC staircase. At the base of the eddy, the turbulent heat flux is about 4 times 

smaller than the double-diffusive heat flux trough the SF staircase;  the strongest heat fluxes are at the top 

flanks of the eddy and at the base through the SF staircase.  The turbulent salt flux at the top is about 100 

times larger than the double-diffusive salt flux through the DC staircase. At the eddy base, the turbulent salt 

flux is about 10 times smaller than the SF salt flux;  as for the heat fluxes, the strongest salt fluxes are at the 

top flanks of the eddy and at the base through the SF staircase.  The net fluxes may be considered to esti- 

mate eddy decay time scales. 
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6.4. Eddy Decay Time Scales 

Time scales for dissipation of the anomalous temperature/salinity properties associated with the eddy may 

be estimated considering net fluxes (turbulent and double diffusive) from the eddy. We approximate the 

eddy as a cylinder of height Hh "' 200 m (the height over which most of the anomalously warm water is 

concentrated) having a temperature anomaly of rv0:3o C from its surroundings.  The potential temperature 

evolves according to dh=dt5Fnet =ðqcp Hh Þ, where Fnet  "' 0:84 W/m2 is the net heat flux from the eddy (using 
h  h 

the area weighting as above). This yields a time for decay of the temperature anomaly of about 9 years. Sim- 

ilarly, the salinity anomaly (rv0:03) is dissipated according to dS=dt5Fnet =HS , where  HS "' 100 m is the thick- 

ness of  the eddy in  which the salinity anomaly is concentrated. The net salt flux from  the eddy 

S       "' 2:1531028
 m s21

 (area weighted for double-diffusive and turbulent contributions) yields a decay 

time scale of about 4 years. 
 

These estimates are an upper bound given that divergences of vertical heat and salt fluxes across the eddy 

induce lateral fluxes that dissipate the anomalies; these are also related to lateral fluxes associated with 

double-diffusive intrusions. Following Hebert et al. [1990], we consider the finite volume of anomalous water 

in the eddy core region to estimate the time for eddy decay by lateral processes (i.e., lateral mixing of the 

anomalous eddy core water by exchanging thermohaline intrusions).  Estimates of lateral diffusivities in 

intrusive regions differ widely. Walsh and Carmack [2003] solved the lateral diffusion equation bounded by 

Arctic observations in the same general region as our eddy to estimate a lateral diffusivity due to AW intru- 

sions of KH  "' 50 m2 s21. Through repeat observations of a Mediterranean eddy with double-diffusive intru- 

sions, Hebert et al. [1990] estimated a lateral diffusivity for the intrusions of about 5 m2 s21  assuming salt 

lost from the eddy was predominantly by lateral mixing. We consider this range of lateral diffusivities 

(5–50 m2 s21), and take the horizontal salinity gradient from the (anomalously salty) eddy core to the flanks 

to be about 0.01 over 9 km (the radius of the eddy). This would lead to a depletion of the lateral salinity gra- 

dient in about 1–3 years. 
 

 
7. Summary and Discussion 

 

We have characterized the variety of double-diffusive structures in and around an AW eddy and investi- 

gated how the geostrophic  shear associated with the eddy correlates with the staircase structures. For the 

DC regime at the top of the eddy core, the vertical density ratio (and Tu) indicates that the profile is suscep- 

tible to the diffusive instability and a well-defined staircase is observed. At the eddy flanks, however, the 

geostrophic  shear is high and a double-diffusive step structure is not observed, even though the vertical 

density ratio (and Tu) are in the appropriate ranges for DC instability.  Below Rig rv 100, the step structure is 

not observed. For the SF regime at the bottom of the eddy, an SF staircase  is observed in regions where 

shear is weakest, while at the same time, the density ratio and Tu are in a range amenable to the SF instabil- 

ity. In high shear zones, where Tu is in the SF-susceptible range, a robust staircase is not observed (where 

Rig  < Oð100Þ), similar to the DC case. 

Estimates of Rig  at the flanks are 2 orders of magnitude above the putative criterion of Ri < 1=4 for shear- 

driven mixing. Of course, ageostrophic velocities that are not reflected in a geostrophic Richardson number 

are likely to contribute to shear. Future analyses of velocity measurements (instead of needing to rely on 

geostrophic  shear calculations from the density field) are required. Velocity measurements are needed to 

understand the mechanism of staircase destruction with a possible scenario being that the background 

shear (i.e.,  the geostrophic shear due to the eddy) can be amplified at double-diffusive interfaces  (as 

described by Padman [1994]). Further, mesoscale eddies can be regions of internal wave critical layer 

absorption in which momentum is transferred to the mean flow (i.e., eddy rotation speeds and associated 

shear increase). This can lead to higher-velocity  shear associated with the presence of the eddy than is 

reflected in the density structure, and associated instability and mixing [Padman et al., 1990].  In this case, 

bulk Richardson numbers would be much lower than the geostrophic Richardson numbers computed  here. 
 

Assuming purely double-diffusive mixing in the vicinity of the eddy core and purely turbulent mixing in the 

high shear zones (at the flanks), we estimated the distribution of heat and salt fluxes across the eddy and 

placed an upper bound on the eddy lifetime of around 4–9 years. Different double-diffusive flux parameter- 

izations may yield flux estimates that differ by about a factor of 2 [see e.g., Robertson et al., 1995;  Kelley 

et al., 2003; Timmermans et al., 2008a].  Taking  into account a factor of 2 uncertainty in double-diffusive 
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fluxes from the core, where fluxes are over about 1/4 of the eddy area, introduces  an uncertainty in the 

time for dissipation of the heat and salt anomaly of about 20%. Another source of error in the double- 

diffusive flux parameterization  is the influence of the Earth’s rotation,  which can lead to reduced heat fluxes; 

however, staircase interfaces are sufficiently thin in this region that this should not be a factor [Carpenter 

and Timmermans, 2014]. Note also that considering typical interface thicknesses of about 10 cm in the 

region [Padman and Dillon, 1987; Timmermans et al., 2008a],  it is possible that a single ‘‘interface’’ sampled 

by the ITP (25 cm vertical resolution) may in fact contain multiple unresolved  layers. In this case, the heat 

flux estimated from the double-diffusive 4/3-flux parameterization is an upper bound, with the actual flux 
4=3

 

being smaller by a factor rvð1=ðn11ÞÞ , where n is the number of unresolved layers within an interface. 

Given the vertical resolution of the ITP measurements, we expect no more than about one unresolved layer 

within an ‘‘interface.’’ This amounts to a heat flux that is smaller than our estimated value by a factor of 

about 0.4, equating  to an uncertainty in eddy lifetime of about 20%. 

Our estimated eddy decay time scale is comparable to the decay time of halocline eddies in the Canada 

Basin (e.g., of order a few years to 10 years [Padman  et al., 1990; Timmermans et al., 2008b;  Zhao et al., 

2014]). Note that Padman et al. [1990] infer 10 years for an upper-halocline cyclone based on the total 

energy and measured dissipation  rates. However, lateral fluxes due to the divergence of vertical heat and 

salt fluxes across the eddy, and lateral intrusive exchange likely drives an even faster decay ranging from 

months to a few years (depending  on lateral diffusivity values). Turbulence reduces the vertical tempera- 

ture, salinity, and density gradients, while double diffusion reduces the vertical temperature and salinity gra- 

dients, and increases  the vertical density gradient. Thus, as  the core of  the eddy becomes lighter 

(considering that SF fluxes  at its base dominate  over DC fluxes at its top), this competes with turbulent mix- 

ing at the flank regions. These differing mixing processes enhance lateral density gradients, and likely drive 

enhanced lateral diffusivities that would further shorten the eddy lifetime. 

This study has demonstrated  the significant role of double-diffusive processes in speeding up the decay of 

an AW eddy. We suggest that the shortened eddy lifetimes may be one reason why AW eddies are not 

observed  as frequently as halocline  eddies [e.g., Zhao et al., 2014]  that are not subject to double-diffusive 

mixing. If so, this has important implications to the distribution of AW heat in the Arctic Ocean, suggesting 

a mechanism for efficient mixing after transfer from the baroclinically unstable AW boundary current. The 

changing impacts of the competing mixing processes  as the eddy evolves (e.g., with reduced shear at the 

flanks as the eddy spins down) require further investigation, which will be greatly aided by direct velocity 

measurements in the vicinity of an AW eddy. 
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