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[1] Microstructure profiles collected in the central Amundsen Basin are analyzed in
order to quantify the role of double-diffusive mixing for vertical heat transfer from the
Atlantic layer. In the profiles, a persistent, but laterally incoherent thermohaline staircase
structure is identified in the 200260 m depth range. The staircase contains homogeneous
layers with average height of 1.3 m and thin, high-gradient interfaces with average
temperature and salinity jumps of about 0.065°C and 0.015, respectively. When inferred
from a commonly used diffusive convection parameterization, the average vertical heat
flux within the staircase is 0.6 W m™2. This is one order of magnitude larger than the
molecular diffusion alone and of the same order as the overall heat loss from the Atlantic
layer in the deep basins of the Arctic Ocean. The parameterization is evaluated using
observed turbulent heat fluxes and is found to overestimate diffusive convective fluxes
with up to an order of magnitude, especially for weak thermal forcing (small temperature
jumps in staircase). Staircases coexist with thermohaline intrusions in the vertical
temperature and salinity profiles. Lomonosov Ridge is identified as a potential region for
formation of intrusions. It is found that salt fingering is the dominant process during
intrusion growth whereas diffusive convection is the dominant process in maintaining

the intrusions at steady state in the deep basins.
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1. Introduction

[2] The inflow of warm Atlantic Water into the Arctic
Ocean through the Fram Strait alone would be enough to
melt the Arctic sea ice within four years [Turner, 2010]. The
vertical mixing in the Arctic water column, however, is
weak [Fer, 2009; Rainville and Winsor, 2008] and the major
part of the heat transfer is hypothesized to occur along
boundaries [Padman, 1995], where the stratification of the
upper ocean is weaker, and the core of the inflow is warmer
and turbulent [Lenn et al., 2009; Perkin and Lewis, 1984,
Sirevaag and Fer, 2009]. Aagaard and Greisman [1975]
estimated the net heat supply into the Arctic in Fram Strait
to be 55 TW, of which 14 TW is estimated to be lost to ice
melting and atmosphere immediately north of Svalbard
[Rudels et al., 2008]. Of the remaining 41 TW entering the
Arctic Ocean about 12 TW is estimated to be lost from the
Atlantic layer in ‘hot spots’ of mixing near boundaries and
over rough topography assumed to cover 30% of the Arctic
Ocean surface of 10'° m? [Fer et al., 2010]. The average
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heat loss from the Atlantic layer in the Arctic basins away
from topography is then around 4 W m~2. The relatively
quiescent interior water column and the hydrography
favorable for double diffusion convection suggest that ver-
tical heat transfer by diffusive convection can be important
for the modification of the Atlantic layer in the central
basins. The fraction of 4 W m™? that can be attributed to
double diffusive mixing is, however, uncertain.

[3] Relatively slow diffusion of salt, together with
opposing contributions to density stratification from tem-
perature and salinity profiles between the Arctic cold halo-
cline layer and the core of the Atlantic layer, makes this
depth segment susceptible for double diffusive convection
[Kelley et al., 2003]. The relative contribution of vertical
temperature and salinity gradients to the stability of the
water column is described by the density ratio R, =
BE /oL, where a = — % g—? and 8 = /l) % are the coefficients
for thermal expansion and saline contraction, respectively.
Double diffusive convection is expected for R, > 0 and can be
separated into two different regimes of instability; salt fin-
gering for temperature and salinity decreasing with depth and
0 <R, <1 and diffusive convection for temperature and
salinity increasing with depth and R, > 1. The buoyancy flux
increases as R, approaches 1 from above and regions with
density ratios in the range 1 < R, < 10 are considered sus-
ceptible to diffusive convection [Kelley et al., 2003]. The
diffusive convection regime will be the main focus of this
work. Salt fingering favorable stratification is widespread in
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Figure 1. Map of the central Arctic Ocean showing the
bathymetry of the Amundsen and Makarov Basins and the
Lomonosov Ridge. The ASCOS and Borneo drifts are indi-
cated together with the three stations (LR1-3) at the Lomo-
nosov Ridge.

the tropical and subtropical pycnocline [Schmitt, 1994; You,
2002].

[4] A region with active diffusive convection can be
characterized by a distinct staircase structure of homoge-
nous, well mixed layers separated by relatively thin, strong
gradient layers, termed layers and interfaces, respectively
(see Figure 2 for an example). The vertical heat flux within a
staircase is suggested to scale with the temperature differ-
ence across the high gradient interfaces [Turner, 1965] and
parameterizations have been provided based on comprehen-
sive laboratory experiments [e.g., Foldvik and Rudels, 1996;
Kelley, 1990; Marmorino and Caldwell, 1976]. Well-defined
staircases and diffusive convection have been observed in
polar regions; in the central Arctic [Melling et al., 1984;
Neshyba et al., 1971; Padman and Dillon, 1987, 1988;
Timmermans et al., 2008], in the Arctic boundary current
[Lenn et al., 2009; Polyakov et al., 2011], and in the Weddell
Sea [Muench et al., 1990; Robertson et al., 1995]. Vertical
diffusive heat fluxes are estimated to be O(10~2)-0(10~")
W m 2 for the central Arctic [Neshyba et al., 1971; Padman
and Dillon, 1987; Timmermans et al., 2008], O(1) W m 2 for
the Arctic boundary current and the Barents Sea marginal ice
zone [Lenn et al., 2009; Polyakov et al., 2011; Sundfjord
et al., 2007] and O(1)-O(10) W m 2 for the Weddell Sea
staircases [Muench et al., 1990; Robertson et al., 1995].
Vertical heat fluxes from diffusive convection are larger than
those from molecular diffusion and are therefore important;
however, they are at least one order of magnitude smaller
than surface heat fluxes in the same areas [e.g., Krishfield
and Perovich, 2005; McPhee et al., 1999; Sirevaag et al.,
2010, 2011].
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[s] Strong lateral temperature gradients in the Atlantic
water inflow regions are suggested to develop intrusions,
which are observed over large distances across the Arctic
Ocean and can contribute to transfer of heat toward the sur-
face through double diffusive convection [McLaughlin et al.,
2009; Rudels et al., 1999]. In the vertical temperature and
salinity profiles, susceptible regions for double-diffusive
mixing are found around such thermohaline intrusions,
where an increasing salinity and temperature has the potential
for diffusive convection (typically above a warm and salty
intrusion) and a decreasing salinity and temperature has the
potential for salt fingering (typically below a warm salty
intrusion). Such intrusions are found widespread in the Eur-
asian Basin [e.g., Dmitrenko et al., 2008; May and Kelley,
2001; Rudels et al., 1999].

[6] In this work, we utilize observations from microstruc-
ture profiling in the central Amundsen Basin in April and
August 2008 to quantify the vertical heat transfer by diffusive
convection. Using observations, we evaluate existing
parameterizations for diffusive convective heat transfer
based on large scale properties of the water column and we
also investigate the Lomonosov Ridge as a possible forma-
tion site of thermohaline intrusions which are important for
maintaining thermohaline staircases. Details on sampling,
data processing, flux calculations and staircase detection are
provided in section 2. Section 3 provides the general prop-
erties of the vertical ocean structure for the two surveys in
consideration, while section 4 discusses the properties, vari-
ability, fluxes and parameterizations of the observed
Amundsen Basin staircase. In section 5, we discuss the for-
mation process of the observed temperature and salinity
intrusions and contrast the structure in Amundsen Basin
observation with that across the Lomonosov Ridge. A sum-
mary is provided in section 6.

2. Data and Methods
2.1.

[7] Measurements of hydrographical properties and ocean
turbulence were made in the upper 500 m using a micro-
structure profiler. Profiles were collected during two experi-
ments carried out in 2008. The first experiment was
conducted from the Russian drifting ice camp Borneo
between 18 and 25 April 2008 in the Amundsen Basin
(hereafter referred to as Borneo) (Figure 1). The second
experiment was carried out farther south, between 15 August
and 1 September 2008, during the drift of the Swedish ice
breaker Oden as part of the Arctic Summer Cloud Ocean
Study (hereafter referred to as ASCOS). At the end of the
Borneo sampling three additional stations were occupied
across the Lomonosov Ridge (LR), accessed by a helicopter
on 25 April 2008 (LR1-3, Figure 1). In total 213 and 345
profiles were obtained during the Borneo and ASCOS drifts,
respectively. Of the 213 Borneo profiles, the last 3 casts were
across the LR and 41 casts were more frequent profiles over
limited depth ranges, leaving 169 deep (500 m) casts. The
water depth, however, was greater than 4000 m during
both drifts. Profiles were collected, typically once every
hour, in a heated tent, through a hydrohole in the ice using
a motorized winch.

[8] A loosely tethered free-fall profiler MSS-90L (ISW
Wassermesstechnik, Germany, MSS hereafter), was used in
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both experiments. The MSS was equipped with precision
conductivity, temperature, depth (CTD) sensors, two air-foil
shear probes and one fast-response glass-coated bead
thermistor (Thermometrics FPO7) [Fer, 2006, 2009]. High-
resolution temperature gradients were also sampled from the
FPO7 through a pre-emphasized channel (i.e., the sensor’s
output increases with the frequency in order to increase the
signal-to-noise ratio [see, e.g., Mudge and Lueck, 1994]). All
channels of the profiler, including the CTD sensors, sampled
at 1024 Hz and were averaged to 256 Hz to reduce noise.
Hydrographic parameters, salinity, potential temperature and
potential density anomaly were obtained from the precision
CTD sensors as 10 cm vertical averages, i.e., an average
over 3040 data points after correcting for the mismatch in
the temperature and conductivity sensors [Fer, 2006].

2.2. Processing of Shear Microstructure

[s] The viscous d1ss1pat10n rate of turbulent kinetic energy
per unit mass, € (W kg 1, was calculated using the isotropic
relation € = 7.5v(u'?) where v is the viscosity of seawater,
(u?) is the shear variance of the horizontal small-scale
velocity and brackets indicate averaging. The shear variance
was obtained by integrating the low wave number portion of
the shear spectrum using 1-s long (about 0.7 m) half-over-
lapping segments. Unresolved shear variance in the high
wave number portions, affected by noise, were accounted for
using the empirical theoretical shape [Oakey, 1982]. The
instrument fall speed (W ~ 0.7 m s~ ') inferred from the rate
of change of the pressure record in each 1-s window, was
used to convert data from the frequency domain to the wave
number domain. Resulting € values from both shear probes
were quality screened and then averaged in 1-m vertical
bins. The noise level of the shear probes in terms of the
dissipation rate was about 6 x 107'® W kg~' for Borneo
and 8 x 107" W kg™! for ASCOS.

2.3. Processing of Thermal Microstructure

[10] Temperature microstructure from the pre-emphasized
FP07 51gnal was used to measure the dissipation rate of
thermal variance y = 2k7{3(0T"/0z)>), where k= 1.4 x
1077 m?s™" is the molecular diffusivity for heat, {(87"/6z)*)
is the small scale temperature gradient variance, and the
factor 3 follows from the assumption of local isotropy.

[11] The response of the glass bead-type thermistor is
limited by diffusion and attenuation of the signal due to the
boundary layer around the probe, and can be aggrommated
by H*(f) = (1 + (fif.)") > where f. = 1/2nr W 3%), 7 is the
response time of the thermistor, here taken as 12 X 1073 s,
and W is the fall rate of the profiler [Gregg and Meagher,
1980]. The limited response of the thermistor was accoun-
ted for electronically before the signal was sent to the pre-
emphasized channel where gain increases linearly from 3 dB
at 1 Hz to about 30 dB at 40 Hz. The high-resolution tem-
perature record was obtained by deconvolving the pre-
emphasized signal [Mudge and Lueck, 1994] and then cali-
brating against the precision temperature profile (using a
third order polynomial) for each cast. The time rate of
change of the temperature was then calculated and converted
to the vertical gradient of temperature 07"/0z, by multiplying
by the fall rate of the profiler.

[12] The temperature gradient variance was obtained by
spectral analysis. The MSS profiler is designed for shear
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microstructure measurements; hence the fall rate of the
profiler was not adequate to sufficiently resolve the tem-
perature gradient spectrum. Relatively quiescent Arctic
water column, however, allows for reliable calculations
since the temperature gradient spectrum is better resolved for
less energetic turbulence [Gregg, 1999]. For the full-profile
thermal microstructure analysis, we used 6-s (~4.2 m) data
segments to ensure sufficient averaging of the spectra. The
frequency spectrum of 07'/0z was calculated and corrected
for the transfer function of a first difference operator. Wave
number spectrum was then obtained by scahng the fre-
quency axis by ! and the spectral level by W, in units of
cycles per meter (cpm), and variance per cpm, respectively.
The temperature gradient variance was estimated by inte-
grating the spectrum between 1 and k.., cpm. A suitable
upper wave number, k,x, unaffected by noise, was chosen
according to an initial estimate of y,, made by integrating
to k = 10/W cpm. ky.x was chosen as kya = gm if
Xo< 107" eC? s 10 cpm if 1071 <y < 107 10
20 gpm if 10~ 10’ Xo <1077 °C? s, 30 cpm 1f
1077 < xo<1078°C?s and40cprn1fX0>10 Boc2s !,

[13] The temperature gradlent variance was not resolved to
dissipative scales. In order to correct for the unresolved
variance, we assume that the spectrum follows the universal
Batchelor form [Dillon and Caldwell, 1980] which rolls

off expoln/entially at the Batchelor wave number 27kp =
(E/MZT ) *. The fraction of the unresolved variance is then

kplkmax- We obtained kp using € measurement from shear
probes and applied the correction factor kp/ky,ax to x. In the
entire data set kp varied between 54 and 350 cpm, with 5%
and 95% quantiles of 59 and 79 cpm and a median of
64 cpm. While the temperature gradient spectrum from
individual layer segments can deviate substantially from the
Batchelor form, the average spectrum for the energetlc
temperature gradient spectra (with x > 107" degC? s™")
approximately follows the theoretical spectrum for wave
numbers of up to 10 cpm. An independent estimate of € from
the average temperature gradient spectrum alone is identical
to the shear probe measurements (averaged for the same
segments). The fit to the average quiescent temperature
gradient spectrum gives half the observed dissipation rate
and the shape of the spectrum does not resemble the
Batchelor’s form. Following the analysis of Fer [2009], we
estimate that y and the turbulent heat flux is overestimated
by up to a factor of two in segments where € is below the
noise level. The inferred heat fluxes are thus biased high and
should be considered as an upper bound.

[14] In total 20654 and 41810 segments were analyzed for
Borneo and ASCOS. In addition to the 6-s (4.2 m) segment
full-profile processing of the thermal microstructure, a more
detailed processing was conducted in the thermohaline
staircase layers (section 2.6).

2.4. Eddy Diffusivity and Turbulent Heat Flux

[15] Accurate measurements of the eddy diffusivity and
the turbulent heat flux are crucial for the present study.
Diapycnal eddy diffusivity obtained from shear probes using
the model by Osborn [1980] is not reliable since ¢ is close to
the noise level in the depth range of interest (section 2.5) and
the constant mixing efficiency assumption inherent in the
model is not appropriate for double diffusive convection
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Figure 2. (a) Full temperature profile from Borneo cast 181, obtained at 88.06 N 4.40 W on 24 April
2008. Inset is a zoom-in of the 200-230 m depth range and is typical of the staircase observed above
the first temperature maximum. (b) Detail of the interface identified by the arrow in the inset. Circles
are full resolution (256 Hz) temperature. Vertical and horizontal scales are indicated.

[see, e.g., Ruddick et al., 1997]. Instead, eddy diffusivity for
heat was calculated using K= x/2(67/6z)* = 3¢ [Osborn
and Cox, 1972], where ¢ = ((8T"/0z)*)/{dT/dz)* is the Cox
number and {67/0z) is the background temperature gradient
over the vertical depth segment in consideration.

[16] Vertical heat fluxes from the microstructure profiles
were calculated as

Fi = —pepkr (9T, (M

where p and ¢, is the density and specific heat within each
vertical segment.

2.5. Staircase Detection and Heat Flux
Within Staircases

[17] For both Borneo and ASCOS, a persistent staircase
structure was observed in the depth range 200260 m, cov-
ering the segment above the first temperature maximum
(Figures 2 and 3). Step-like structures were also present
above the deeper temperature maximum; however, the
characteristics of these intrusive layers differed from the
staircase in the 200-260 m range and are discussed sepa-
rately (section 5). In each individual profile, the large scale
density ratio was calculated as <R,,> = 5(%*:> / a<%§>, where

10 — 1
p oT andﬁ_pé‘s

expansion and saline contraction, respectively and angle
brackets indicate vertical averaging. Throughout this work,
(R,) will refer to the vertically averaged density ratio. The
density ratio for individual interfaces is R, as described
below. In order to describe the staircase, the height of the
well-mixed layers and the temperature and salinity jumps at

a=— are the coefficients for thermal

the interfaces were quantified as follows: For each profile,
the background temperature gradient in the 200-260 m
depth range was calculated. A layer was defined as the
portion where the local temperature gradient between adja-
cent data pairs was smaller than the background gradient for
at least four successive points (i.e., the minimum layer
height was set to 0.4 m). In order to restrict the analysis to
the diffusive regime, only layers with positive 7 and S gra-
dients were chosen. Adjacent layers delineate interfaces.
In total 2123 interfaces were retained having positive 7" and
S gradients with a salinity jump greater than a conservative
instrumental accuracy of 0.01.

[18] The layers and interfaces meeting the above condi-
tions were used to calculate the mean 7 and S of each layer.
The layer height, H, was defined as the difference between
the pressure reading of the upper and lower data points in a
layer. Change in temperature and salinity across the inter-
faces, AT and AS, respectively, were calculated as the dif-
ference in temperature and salinity between neighboring
layers. The density ratio across each interface is then
R, = BAS/aAT .

[19] The heat flux within the staircase was estimated from
a “4/3 flux law” inferred from laboratory studies [Kelley,
1990] (see Kelley et al. [2003] for a review),

Firoo = oy (7)) Aasry's @)

where p is the density, ¢, is the specific heat, « is the thermal
expansion coefficient, g is the constant of gravity, kr is
the thermal diffusivity, v is the kinematic viscosity and AT
is the temperature difference across the interface. The flux
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Figure 3. Survey averaged profiles of hydrographic parameters for the Borneo (black) and ASCOS
(gray) drifts. For the Borneo profiles the three casts across the Lomonosov Ridge are excluded. (a) Tem-
perature, (b) salinity, (c) buoyancy frequency, (N), in cycles per hour (cph), and (d) the density ratio, (R,,).
The range 1 < (R, < 10 is susceptible to the diffusive regime of double diffusive convection, whereas salt-
fingers are expected for 0 < (R,) < 1. Both (N) and (R,,) are calculated as the average over the individual
profiles, i.e., not using the survey mean CTD profiles.

scale factor C is a function of the density ratio, R, and can
be estimated by the empirical relation [Kelley, 1990]

c= 0'00326(4%372) (3)

where R, is the density ratio across the interface. Alternative
formulations of (2) and (3) are also discussed in section 4.3.
All seawater properties used in the calculation of heat flux
were calculated using the mean values of 7 and S for each
interface. Salinity is given in the practical salinity scale.

2.6. Turbulent Heat Flux Calculations in Layers

[20] To the extent the measurements allow, the high-
resolution 7 profiles are used to compare observations of
heat fluxes in the staircase to the laboratory flux laws. In
addition to the 6-s (4.2 m) segment full-profile processing of
the thermal microstructure, a more detailed processing and
analysis was conducted in the homogeneous thermohaline
staircase layers. To this end, 7 data segments were extracted
from each individual layer detected in the 200-260 m depth
range (section 2.5). Spectral analysis of these segments was
then performed as described in section 2.3.

2.7. Molecular Heat Flux Calculations
at Staircase Interfaces

[21] The molecular diffusion of heat within each interface
is estimated using the high resolution FP0O7 temperature
signal. The average temperature spectrum from the inter-
faces shows that noise dominates after 30 Hz. The temper-
ature record is therefore low-pass filtered with a cut-off
frequency of 30 Hz. At a fall speed of 0.6 m s~ this cor-
responds to smoothing at ~2 cm scale. Within an interface,
heat transfer will be dictated by the largest heat fluxes; hence

we used the largest detected negative temperature gradient
within each interface to estimate

Frimor = —ﬂcpﬁr<6T/az> : (4)
max
[22] An example of the full resolution temperature data
across an interface is shown in Figure 2b. When the full
resolution temperature data are used to calculate the molec-
ular fluxes, the difference resulting from using the low-pass
filtered signal is marginal.

3. Oceanographic Setting

[23] Average profiles of hydrographic and mixing para-
meters are presented to provide the background conditions
for the turbulent mixing, diffusive layering and the observed
vertical heat transfer. The survey-averaged profiles of tem-
perature, salinity, buoyancy frequency and density ratio are
shown for both the Borneo and ASCOS drifts in Figure 3.
The Borneo and ASCOS experiments were performed in
April and August, respectively (section 2.1) and the differ-
ences in the mixed layer properties were discussed in detail
in Sirevaag et al. [2011]. Below the mixed layer, both sur-
veys showed a similar vertical structure with the cold halo-
cline layer, followed by a temperature increase toward the
warm Atlantic Water layer, until the first local temperature
maximum at about 260 m. Thereafter temperature decreased
with depth, interrupted by two inversions, one near the
temperature maximum at around 310 m and a deeper one
around 400 m. The increasing salinity with depth provided
stability for the depth segments with temperature inversions.

\ =, <d"/dz> , approxi-
mated using the sorted potential density profiles, shows that

[24] Buoyancy frequency, (N) =
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Figure 4. Survey-averaged profiles of mixing parameters for the Borneo (black) and ASCOS (gray)
drifts. For the Borneo profiles the three casts across the Lomonosov Ridge are excluded. (a) Dissipation
rate of TKE, ¢, (b) turbulent activity index, 4; = e/vN?, (c) dissipation rate of temperature variance, ,
(d) mean vertical temperature gradient, (e) eddy diffusivity for heat, K7, and (f) the vertical heat flux,
Fy. Profiles are averaged over individual casts processed using 6-s (4.2-m) length segments. Additionally,
eddy diffusivity and heat flux profiles obtained using the average x and the average temperature-gradient
profiles are shown by circles. The thin, dashed portions in Figures 4a and 4b mark the depth range where ¢
is near the noise level of the profiler. The vertical dashed line in Figure 4b marks A4; = 20 below which the
turbulence, if any, is anisotropic and also cannot induce a net vertical buoyancy flux, i.e., cannot cause

diapycnal mixing.

the least stable part of the profiles were the segments in
between the temperature maxima (Figure 3c). These quasi-
homogenous layers had a density ratio, R, typically between
0 and 1, susceptible for salt fingering (Figure 3d). Depth
segments with 1 <R, <10 are considered to be susceptible for
double diffusive layering with stronger convection for small
R,; above the temperature maxima R, was typically less than
4 for both Borneo and ASCOS (Figure 3d). The persistent
staircase was observed in the depth range 200-260 m above
the temperature maximum at all casts (see Figure 2 for an
example), however, it was smoothed out in the average
profile (Figure 3a). The decreasing salinity with depth below
400 m, susceptible for salt-fingering, is not visible due to the
large vertical scale on the figure.

[25] Average profiles for the mixing parameters are shown
in (Figure 4). Below a turbulent upper layer of about 50 m
the Arctic water column is quiescent. Dissipation rates of
turbulent kinetic energy (TKE) were largest in the mixed
layer and decreased rapidly toward the noise level of the
profiler (Figure 4a), which was reached below ~260 m, i.e.,
just below the staircase. From the average profiles of dissi-
pation rate of TKE and buoyancy frequency, the turbulent
activity index, 4; = 8/VNZ was calculated. 4; indicates the
strength of the turbulence relative to stratification and when
A; < 20 (the threshold is approximate and uncertain) turbu-
lence is too weak to induce a net vertical buoyancy flux in a

stratified flow [Thorpe, 2005]. Average Borneo and ASCOS
profiles indicated 4; below or around this threshold below
the mixed layer (Figure 4b), suggesting negligible diapycnal
mixing. Below 150 m depth, ¢ profile is strikingly similar at
both sites (except that noise level is slightly higher for
ASCOS). Between 150 and 250 m, the dissipation rate of
TKE was identical to within 20% for the two drifts. Above
150 m, Borneo was approximately 3 times more turbulent,
presumably as a result of relatively stronger atmospheric
forcing in April compared to August. The relatively ener-
getic upper layer during April is not reflected in the tem-
perature structure in the mixed layer: the dissipation rate of
temperature variance, Y, in the upper 50 m was a factor of 3
larger during ASCOS, presumably because the temperature
in the upper 50 m was isothermal during Borneo and the
thermodynamic forcing was larger in August. Below this
upper layer x was, on the average, 3 times larger during
Borneo (Figure 4¢), however both surveys showed elevated
x in the depth range with the strongest temperature gradient
(~100-250 m).

[26] Eddy diffusivity for heat, K7, calculated as described
in section 2.4 (Figure 4e) was used together with tempera-
ture gradient profiles (Figure 4d) to calculate vertical heat
fluxes, Fy, (Figure 4f) according to (1). The difference
between Borneo and ASCOS in the average profiles of K7
and Fy mainly stems from the difference in y profiles. The
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Table 1. Mean and Standard Deviation of Staircase Properties
From Borneo and ASCOS Profiles

Borneo ASCOS
n-layers 1179 2502
n-interfaces 680 1443
H [m] 1.35 £ 1.49 1.20 £ 1.10
AT (°C) 0.065 £+ 0.024 0.061 £+ 0.019
AS 0.016 + 0.005 0.015 £+ 0.004
R, 30+04 30+0.3
Fiy_xoo (W m™?) 0.65 £ 0.42 0.55 £ 0.27

mid-depth values of enhanced eddy diffusivity between 250
and 400 m cover the portions of the profiles characterized by
salt fingering and the intrusions. Averaged below 400 m
depth, K7 = 1.9 (£0.8) x 107> m? s™', corresponding to a
Cox number of ¢ = 45. The stability density ratio, R, was
0.35 £ 0.15.

[27] Our results in the salt-fingering favorable stratifica-
tion below 400 m can be compared to the observations
conducted in the Caribbean-Sheets and Layers Transects
(C-SALT) experiment in the thermohaline staircase in the
western tropical North Atlantic [Schmitt et al., 1987]. In the
C-SALT staircase characterized by R, ~ 0.6, Gregg and
Sanford [1987] obtained ¢ ~ 88 (after dividing by the fac-
tor 3 difference in our definitions), suggesting salt fingering
might be significant below the AW core in determining the
eddy diffusivity. The measurement and processing uncer-
tainties inherent in microstructure data aside, the factor
of two difference in ¢ between our observations and that in
C-SALT staircase could be attributed to relatively large
shears encountered in the C-SALT interfaces [Kunze, 1994].

4. Amundsen Basin Thermohaline Staircase

[28] The staircase detection criteria given in section 2.5
were applied on all profiles collected during the Borneo
and the ASCOS experiments. In total, 1179 and 2502 layers
were identified for the Borneo and ASCOS profiles,
respectively, and the corresponding numbers of interfaces
were 680 and 1443. Mean properties of layers and interfaces
for the 200-260 m depth segment are given in Table 1.

4.1.

[29] In the staircase depth range, the background temper-
ature and salinity stratification was similar with (R,) =3 on
average (Figures 3a and 3b). The higher dissipation rate of
thermal variance, y found during Borneo leads to enhanced
background eddy diffusivity and turbulent heat flux com-
pared to ASCOS.

[30] Staircase properties were similar for the two drifts
(Table 1). The average (integer) number of detected layers in
a single profile was 7 for both surveys. The average layer
height was slightly larger for Borneo than ASCOS (1.35 m
vs 1.20 m). Average change in temperature and salinity
across the interfaces was also slightly larger for Borneo than
ASCOS, however the average layer density ratio was similar
for both experiments. A larger temperature change across the
interface is also reflected in a larger average heat flux
(derived using the laboratory flux law) for Borneo than
ASCOS (0.65 W m 2 versus 0.55 W m ™).

[31] Early observations in the Canada Basin staircase
[Neshyba et al., 1971], revealed layers that were two to three

Staircase Overview
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times thicker, but with interface AT three times smaller
than we observe in the Amundsen Basin. Padman and
Dillon [1987] reported similar figures in 1985, however
Timmermans et al. [2008] reported generally thicker layers
from observations in 2004-2007, with AT (~0.04°C) similar
to our observations. Although not conclusive, Timmermans
et al. [2008] suggested that higher AT could be a result of
the recent warming and shoaling of the Atlantic Layer in the
Canada Basin.

4.2. Staircase Variability

[32] Distributions of layer and interface characteristics are
shown in Figure 5. The staircases observed in Borneo and
ASCOS were not only similar in mean values, but also in
distribution. The observed layer and interface characteristics
show that the observed Amundsen Basin staircase is con-
sistent throughout the study region and through different
seasons. Approximately 40% of the detected layers had
thicknesses between 0.4 and 0.7 m, but a relatively long tail
in the distribution affected the average thickness (Figure Sa).
Layers were detected in the entire depth range considered,
with a small peak in occurrence near 225 m depth
(Figure 5b). When comparing AT and AS across interfaces
(Figure 5c and Figure 5d), there was a slight shift in distri-
bution toward higher values for the Borneo profiles com-
pared to ASCOS. This was also reflected in heat fluxes
(Figure 5f) where the distribution of Borneo interface heat
fluxes was wider than the relatively narrow distribution of
heat fluxes during ASCOS, reflecting a larger variability
during the Borneo survey possibly due to the larger hori-
zontal area covered by the drift. The interface density ratio
showed a narrow peak in distribution around R, = 3 for both
surveys, which is considered to be highly unstable for dou-
ble diffusive convection [Kelley et al., 2003].

[33] Following Padman and Dillon [1987], we examine
the vertical distribution of layers and interfaces by averaging
the staircase properties in 10-m depth intervals (Table 2).
Density ratio and the buoyancy frequency are segment
averages over the 10-m depth range in consideration. In
general, the layer height increased from less than 1 m at
200 m depth to well above 2 m at 260 m depth. There was a
slight decrease in interface AT and AS with depth; however
(R,) remained relatively constant which shows that the
changes in large-scale gradients in 7 and S compensated.
Buoyancy frequency and interface heat flux decreased
toward the lower part of the 200-260 m depth interval. The
observed vertical variability was similar to that in the
Canada Basin thermohaline staircase with respect to layer
height and changes in interface A7, AS and the vertical heat
flux [Padman and Dillon, 1987].

[34] One of the characteristics of a staircase is its lateral
coherence and extent [Kelley et al., 2003]. By plotting
temperatures and salinities of individual layers in a 7-S
diagram, Timmermans et al. [2008] identified the thermo-
haline staircase within the Canada Basin over an area
stretching several hundreds of kilometers. Padman and
Dillon [1988] used a different approach, where they com-
pared a sequence of temperature profiles and determined
coherency by tracking the vertical position of individual
layers. However, they found that this method required high
resolution lateral sampling with less than 15 m separation
between neighboring profiles and were only able to trace
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Figure 5. Histograms of layer and interface characteristics for the 1179 and 2502 layers detected in
the Borneo and ASCOS profiles, respectively. Distributions show (a) layer height H, (b) depth where
layers are detected, (c) temperature change AT across interfaces, (d) salinity change AS across inter-
faces, (e) density ratio calculated from A7 and AS, and (f) the vertical heat flux across the staircase
as calculated by (2).

Table 2. Mean Properties of Layers and Interfaces Averaged in 10 m Depth Intervals for the ASCOS and Borneo Field Profiles®

Borneo ASCOS
Depth <N> FH7K90 <N> FHJ@(}
Interval n  H@m) ATCC) AS (R) 107%s' (Wm? »n H@m ATCC AS (R) 107%s' (Wm)
200210 241 0.97 0.065  0.015 3.1 52 0.61 436 0.94 0.064  0.015 3.1 5.0 0.55
210220 230  1.03 0.067  0.016 3.1 48 0.67 554 0.92 0.065 0016 3.0 48 0.62
220-230 316  1.00 0.067  0.017 3.0 53 0.70 604  0.98 0.065  0.017 3.1 5.1 0.59
230-240 257 207 0.063 0017 3.4 4.6 0.62 484 127 0.059 0016 3.1 4.4 0.55
240250 87  2.65 0.060 0015 3.7 3.6 0.65 282 1.94 0.049  0.013 3.3 3.7 0.45
250260 48  3.07 0.051  0.013 4.0 3.5 0.55 142 3.04 0.044 0013 3.0 3.4 0.41

*Density ratio (R,) and buoyancy frequency (N) are segment averages over the given depth interval.
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Table 3. Statistics of Background Mixing Parameters in the
Layers in the Thermohaline Staircase Range, 200-260 m*

Mean STD MLE Lower Upper
X (10719°¢% 571 4.1 5.9 3.9 3.7 4.1
e (107" W kg™ 9.4 5.4 9.3 9.2 9.5
A, 53.8 45.7 533 51.9 54.8
c 6.7 214 438 4.5 5.1
Kr(107°m?s™ ) 2.8 9.0 2.0 1.9 2.1
Fi (Wm™?) 0.08 0.13 0.07 0.07 0.07
r 0.05 0.14 0.05 0.04 0.05

“Parameters are the dissipation rate of temperature variance, Y,
dissipation rate of TKE, ¢, turbulent activity index, 4;, Cox number, c,
eddy diffusivity for heat, K7, vertical heat flux (+ve upward), Fiy, and the
dissipation ratio, I". Statistics shown are the mean and standard deviation
(STD), the maximum likelihood estimator from a lognormal distribution
(MLE) and the 95% lower and upper confidence intervals of MLE.

individual layers laterally for up to 600 m. We applied both
methods and found no significant lateral coherency in the
observed staircases (not shown). The signatures of individ-
ual layers in a 7-S diagram as reported in other studies [e.g.,
Polyakov et al., 2011; Timmermans et al., 2008] were not
detectable, but in some cases a pattern of a staircase can be
identified in up to five profiles in a row, however no sys-
tematic horizontal coherence beyond this was found. The
lack of horizontal coherence of layers can be attributed to
several factors. For Borneo and ASCOS, average distance
between neighboring profiles was 400 and 270 m, respec-
tively, which is comparable to the distance where the layers
in the Canada Basin staircase lose coherence [Padman and
Dillon, 1988]. Heat fluxes are in general larger than those
observed in the Canada Basin which will modify the layers
quicker leading to convection, formation of intermediate
layers and removal of interfaces. Also, processes associated
with internal wave breaking or near inertial oscillations
could induce mixing and reduce the horizontal continuity in
layers.

4.3.

[35] In a well-developed staircase, heat transfer is pro-
vided by molecular diffusion in the strongly stratified,
laminar interfaces and by turbulent convective mixing in
the well-mixed, homogeneous layers. Parameterizations of
the double diffusive heat fluxes are developed to estimate
fluxes based on the large scale gradients in the vertical
temperature profile. In order to evaluate heat fluxes esti-
mated by (2), we compare Fy ggp With turbulent heat
fluxes Fy and molecular heat fluxes Fp,,,;, as described
in section 2.6. For the comparison, F; in a layer is assigned
to the nearest interface below. An overview of background
mixing parameters in the 200-260 m range is provided in
Table 3.

[36] The distribution of the F is shown in Figure 6
together with the distribution of Fj gg9 and molecular
fluxes, Fymno. Average Fyywas 0.07 & 0.09 W mfz, an order
of magnitude smaller than average Fj xop, Which might
indicate that the parameterization of diffusive convective
fluxes overestimated the vertical heat transfer in the diffu-
sive staircase. The discrepancy between the observed and
parameterized fluxes is discussed in section 4.4. Molecular
fluxes were of the same order as Fy, with an average value

Interface Heat Fluxes

SIREVAAG AND FER: DOUBLE-DIFFUSIVE MIXING IN THE ARCTIC

C07010

of 0.05 & 0.04 W m ™~ for both the Borneo and ASCOS
survey (Figure 6) and with a similar distribution. Although
fluxes up to 1 W m™~ were estimated for some interfaces,
more than 70% of the fluxes were between 0 and
0.08 W m™>.

[37] The slight shift toward higher values in the distribu-
tion of turbulent heat fluxes, Fy, compared to molecular
fluxes might be due to 1) enhanced turbulence in the stair-
case depth segment 2) deviation from isotropy and 3) an
overestimation of K7 to calculate Fy. Enhanced turbulent
mixing can be caused by shear or internal waves and might
be visible as a larger temporal variability in the staircase
structure. Attempts to track individual layers and interfaces
within the staircase failed possibly due to a significant
splitting and merging of layers and interfaces. This indicates
additional processes besides double diffusive mixing. Cal-
culation of turbulent fluxes assumes local isotropy which is
violated in the presence of strong layering. Relatively strong
stable stratification of layers can lead to anisotropy down to
viscous scales allowing only vertical gradients of horizontal
velocity to persist leading to € ~ 2v(u'?), i.e., a factor of 3
less than the isotropic relation [Denman and Gargett, 1988].
Turbulent fluxes are then overestimated by a factor of 3.
Also, the eddy diffusivity is obtained from temperature
gradient variance, which is corrected for the unresolved
variance using the Batchelor wave number calculated from €
measured by the shear probes (section 2.3). Because € is
close to the noise level, this correction might lead to over-
estimated eddy diffusivity (hence overestimated Fy).

[38] Turbulent heat fluxes, F;; were of similar magnitude
and distribution for the Borneo and ASCOS surveys and
hence might represent a quantification of vertical heat fluxes
due to double diffusive convection in the Amundsen Basin.
Although Fp kg is significantly larger, Fyy is of similar

T T T
I Turb
40 ] [ — T
[ 1K90
35 —
30 —
25 H —
®
20H —
15 H —
10 H —
5 — —
0
0 0.4 >0.8

Heat flux (W m‘z)

Figure 6. Heat fluxes from parameterization of diffusive
convection (K90) estimated from (2), turbulent heat fluxes
(Turb) calculated over layers and molecular heat fluxes
(Mol) through the interfaces calculated from the interface
temperature gradient detected by high resolution temperature
according to (4). All heat fluxes are calculated using both
Borneo and ASCOS profiles.
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Figure 7. Interface heat fluxes plotted against the interface
temperature change. Fluxes shown are the molecular heat
flux (Mol), turbulent heat fluxes in adjacent layers (Turb)
and exponential fits to both turbulent (dashed line) and
molecular (solid) fluxes. Error bars on flux estimates indicate
the standard error and the thick, solid line shows AT*?
dependence for reference.

magnitude as observed in other areas of the Arctic. In the
Canada Basin, double diffusive heat fluxes were found to be
in the range of 0.02-0.1 W m 2 [Padman and Dillon, 1987],
using a heat flux parameterization from Marmorino and
Caldwell [1976] instead of the parameterization from
Kelley [1990] as used in this study. Based on more recent
observations from the Canada Basin, Timmermans et al.
[2008] found vertical heat fluxes to be 0.05-0.3 W m 2
and values were consistent using both parameterizations,
although a significant lateral variability was detected. In the
Eurasian Basin, Lenn et al. [2009] inferred double diffusive
heat fluxes of ~1 W m™2 in the boundary current along the
continental shelf of the Laptev Sea.

4.4. Diffusive Layering Parameterizations

[39] An aim of performing laboratory experiments and
studying the detailed properties of thermohaline staircases is
to relate the small-scale properties and fluxes to the large-
scale properties in order to quantify fluxes from general
ocean observations. We investigate how the observed verti-
cal heat fluxes and layer height from the Borneo and ASCOS
surveys scale with parameterizations based on laboratory
results.

[40] Parameterizations of the vertical heat flux within
thermohaline staircases often assume that the flux is pro-
portional to the 4/3 power of the temperature difference
across an interface [Turner, 1965]. The “4/3 flux law” has
been evaluated based on laboratory experiments. As
reviewed in Kelley et al. [2003], layer-based flux laws for
the salt finger case contradicted the oceanographic obser-
vations during the C-SALT experiment: laboratory based
estimates were larger by a factor 30. For the diffusive case,
limited observations broadly agree with the range inferred
from flux law [Melling et al., 1984; Padman and Dillon,
1987], but the comparisons are crude. Kelley [1990]
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emphasizes to exercise caution in using the 4/3 law, since
the theory states that a more appropriate power should be
closer to 5/4 (see also the thorough discussion in Kelley et al.
[2003]). When the typical oceanic Rayleigh numbers are
considered, the error in the power law leads to 30-40%
overestimated diffusive fluxes [Kelley, 1990; Kelley et al.,
2003] which therefore does not cause major problems in
oceanographic applications.

[41] At each interface, turbulent heat flux F in the adja-
cent layer, maximum molecular heat flux Fp,,, and tem-
perature difference AT, are available from our observations

which allow for a test of the AT"/3 dependence. Heat fluxes,
averaged in AT =5 mK bins, are plotting against the inter-
face temperature change AT (Figure 7) together with a linear
regression of Fy; and Fyy,,,; versus AT. Despite large scatter
and uncertainties, both Fy and Fy,,,; demonstrate a similar
AT dependence for the AT range under consideration
although Fy,,,.; 1S ~30% smaller in magnitude. As discussed
in section 4.3 turbulent fluxes should be considered as upper
bounds. The linear regression of both fluxes deviates from
the laboratory based AT*? dependence, although the
uncertainty and scatter in the upper AT range cannot exclude
this dependence conclusively. The deviation from the labo-
ratory based flux law can have several explanations. First, it
is possible that we were not able to resolve the vertical heat
fluxes for small A7, since the measurements are pushing the
limits of our instrument and the assumptions involved (such
as isotropy). However, levels of y are above the noise level
in the staircase (marginally so for €) and the temperature
gradient spectra are of reasonable quality (not shown). Sec-
ond, for some of the thinnest detected layers only a small
segment of data is available and a larger uncertainty in fluxes
might be expected. The third possibility is that the 4/3 flux
law is inadequate, especially for weak AT forcing.

[42] In addition to the AT dependence, heat fluxes vary
with R, through the flux scale factor C given in (3) which
has been determined empirically from laboratory data. In
Figure 8a, estimated heat fluxes, both turbulent and molecular,
were used to calculate the numerical value of C for given
density ratios, R, and compared to the existing parameteriza-
tions of C by Kelley [1990], Marmorino and Caldwell [1976]
and Foldvik and Rudels [1996]. Observations suggest a
pattern which is different from the laboratory-derived
curves: for low R, the flux scale factor is up to an order of
magnitude smaller than (3), but within the same magnitude
for the upper range of R,,. For R, > 3.5, C is within a factor
of two of the laboratory derived line of Kelley [1990].
According to (2), diffusive convective heat fluxes vary
linearly with C and parameterized fluxes should be signif-
icantly larger for the lower R, range. This is also the case;
the ratio 7+ /. is 7 and 18 for R, > 3.5 and R, < 3.5,
respectively, hence the agreement is better in the higher range
of R, Note that the agreement between oceanographic
observations and the laboratory-flux laws reported by
Padman and Dillon [1987] for the Canada Basin staircase
where R, = 4.9 is consistent with our results. Kelley [1984,
1990] found that an effective diffusivity for diffusive con-
vective fluxes can be provided by

Kr_of = CRa" iy (5)
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Figure 8. (a) Flux scale factor C(R,) calculated from (2) using the measured turbulent and molecular heat
fluxes. Error bars indicate the standard error of the mean for C based on the observed fluxes. Lines indicate
the parameterization of Kelley [1990] (K90), Marmorino and Caldwell [1976] (MC76) and Foldvik and
Rudels [1996], which are based on laboratory observations. (b) Vertical heat fluxes averaged in 10 m
depth segments. Fluxes are calculated according to (2) for properties of each individual detected interface
(K90-int), according to (2) for vertical average 10 m properties of interface temperature change A7 and
background density ratio, R, (K90-av) and from thermal microstructure, as described in section 2.4, for

the thermohaline staircase layers (Turb).

where Ra is the Rayleigh number and k7 is the molecular
diffusivity of heat. Rayleigh number was estimated as
Ra = gaATH’/vkr using average staircase properties
(Table 1). The layers height, H, and temperature change at
the interface, AT, are calculated as described in section 2.5.
This approach predicts X7-« / x,~19 for an average R, of 3.
Observed eddy diffusivity yields X7/ «,~16. Compared to
observations, (5) thus overestimates the eddy diffusivity, not
inconsistent with the overestimated flux ratio C.

[43] Another key variable for the scaling and parameteri-
zation of the staircase layers and interfaces is the layer
height. Ruddick and Turner [1979] suggested that the layer
height within a thermohaline staircase was determined by
variations in salinity and temperature across a horizontal
front and the buoyancy frequency. On the other hand, Kelley
[1984] derived from dimensional analysis that the layer
height was not set by larger scale horizontal gradients, but
was a function of the vertical density ratio R,, buoyancy
frequency, molecular viscosity and diffusivity for heat and
salt. The layer height was given as

H = GHy = G(“T/<N>> ! (6)
where (N) is the buoyancy frequency averaged over the
vertical segment in consideration and the scaled layer height,
G, is a function to be determined empirically from obser-
vations. H, is a thickness layer scale defined as given in (6)
[Kelley, 1984]. Using best fit to observations for R, between
1 and 8, Kelley [1984] obtained

G = [RaPr(R, — 1)] * (7

where Pr="/,, is the Prandtl number and the Rayleigh
number is approximated as Ra = 0.25 X lOgR}J'l.

[44] Layer and interface properties averaged in 10-m depth
segments from 200-260 m (Table 2) were used to calculate a
modified scaled layer height

G ="y s (8)

removing the Prandtl number dependence [Padman and

Dillon, 1987]. G+ is a function of H and (N)l/2 and we
estimated the standard error of the mean by considering the
propagation of error from two independent variables as [e.g.,
Emery and Thomson, 2001]:

Gx 0_2 (lo' )2 '/
6Gx = |:H+ 27N :|

Vn | H?

where o is the standard deviation and » is the degrees of
freedom. Due to the lack of lateral coherence (section 4.2)
we assume that every fifth profile is independent and
approximated n by the number of data points in each seg-
ment divided by five. The variation of G« with ratio R, is
shown in Figure 9 together with the estimated errors.

[45] The agreement between the observed and theoreti-
cally scaled layer height is reasonably good (Figure 9).
However, the resulting scaled layer height cluster in two
groups for both the Borneo and ASCOS survey; one group
with Gx ~ 100 and R, ~ 3 with small error and another
group with higher G« and R, between 3 and 4. The latter
group is in closer agreement with the theoretical estimate
given by (8). The G estimates in the first cluster are all from
the upper parts of the depth range considered (200-230 m
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Figure 9. Scaled layer height G« for ASCOS and Borneo
individual 10 m layers (filled circles and stars). Error bars
are +1 standard error of the mean. Solid line is the relation
suggested by Kelley [1984]; shaded area indicates the range
of G« for the Canada Basin staircase [Padman and Dillon,
1987].

for Borneo and 200-240 m for ASCOS), hence the layers
detected in the lower part of the staircases, closest to the
temperature maximum, agree better with the theoretical
scaled layer height. These layers in general display thicker
layers (larger H), weaker stability (smaller N) and, for Bor-
neo only, higher density ratios (R,). The cluster of layer
heights with R, around 3, where the layer scaling deviates
from the parameterization, also coincides with the part of the
staircase where the observed flux ratios and effective diffu-
sivities deviate the most from the parameterized values. If
small steps are present in ocean observations, but not in the
laboratory experiments, parameterization might not be rele-
vant for certain ranges of a staircase and fluxes might be
overestimated. Kelley et al. [2003] discuss this shortcoming
of the parameterization, e.g., the splitting and merging of
layers observed in ocean are not accounted for by the
parameterization.

[46] A timely question which has been addressed in most
studies dealing with double diffusive fluxes, is whether a 4/3
flux law is appropriate or valid for oceanographic cases.
Both Kelley et al. [2003] and Kelley [1990] discussed the
parameterization and suggest that although the parameteri-
zation is principally not correct for ocean staircases, it can be
used for oceanographic studies with an error of about 30—
40%. Figure 8b shows a comparison of 10-m bin-averaged
turbulent fluxes (Turb) and fluxes parameterized from (2)
based on interface properties (K90-int) and on 10 m verti-
cally averaged values of AT and R, (K90-av). From (2),
fluxes are overestimated by more than a factor of 5 in the
upper part of the staircase, where layers in general are thin
and density ratios are low. This contradicts the 30-40% error
stated above. Furthermore, observed turbulent fluxes were
relatively constant with depth, whereas the parameterized
fluxes decreased with depth implying a heat flux divergence
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within the staircase, which is likely an artifact of the
parameterization.

5. Amundsen Basin Intrusion Properties

[47] In the Arctic Ocean water column, inversions in
temperature and salinity can often be observed which form
layering structures, so-called intrusions. Rudels et al. [1999]
suggested two formation mechanisms for the observed
intrusions in the Eurasian Basin. (1) Intrusions formed
across a wide front in Fram Strait separating the warm and
salty inflow and the colder and fresher return flow. (2) For-
mation across a narrow front at the continental slope north of
the Barents Sea where the inflowing Atlantic Water con-
fluences with the cold and fresh water from the Barents Sea.
The intrusions are then advected by the mean flow around
and across the Eurasian Basin and toward Fram Strait. The
presence of double-diffusive processes is considered to be
important to maintain the intrusions. May and Kelley [2001]
discuss the steady state and growth properties of intrusions
in the baroclinic front separating the West Spitsbergen
Current from the ambient cold and fresh water north of
Svalbard.

5.1. Intrusions at Steady State

[48] Although Borneo and ASCOS hydrography demon-
strated warm/salty and cold/fresh intrusions, the central
Amundsen Basin is a region with small horizontal gradients
and is not considered a likely region for formation of such
intrusions. Both Borneo and ASCOS had weak background
horizontal density gradients, (0.9 & 0.5) - 107" kg m * and
(—1.0 + 0.8) - 1077 kg m *, respectively, between 250—
450 m where the intrusions were detected. The change in
sign from Borneo to ASCOS reflects a change in sign in
both temperature and salinity gradients between the two
surveys (Table 4).

[49] Intrusions were detected along the Borneo and
ASCOS drifts and by assuming that they were beyond their
initial growth phase, the mixing processes involved in
maintaining the intrusive structure are investigated, follow-
ing May and Kelley [2001]. From each survey, five profiles
were selected such that their positions form a relatively
straight line through the survey region. In each profile, three
warm/salty intrusions and two cold/fresh intrusions were
picked manually. A linear regression of the vertical position
of each detected intrusions was used to calculate the slope of
the intrusion as

0z

5=
ox|,

(10)

where the vertical position, z, is relative to horizontal geo-
potential surfaces and / indicates that the gradient is

Table 4. Horizontal and Vertical Background Gradients of Tem-
perature, Salinity and Density for the Lomonosov Ridge Profiles

Background Temperature Salinity Density
Gradient Cm™) (psum™) (kg m™)
Cross front —6.7 x 10°° —24x 1077 32 x 1077
Vertical 1.1 x 107° -3.1x 107" -5.0 x 107°
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Figure 10. Temperature and salinity diagram for the three
Lomonosov Ridge profiles. Circles indicate detected intru-
sions, where filled circles are warm and salty intrusions
and open circles are cold and fresh intrusions. Straight lines
are linear regressions of positions of the detected intrusions.

calculated in the direction of the intrusive layer. The slope
indicates whether the intrusions slope upward (s > 0) or
downward (s < 0) relative to the horizontal surfaces. The
along-intrusion density ratio

a oT

Ri==2
T pas|

(11)

was calculated from a linear regression for each intrusion on
a TS diagram. R, indicates whether the intrusions slope along
the isopycnals (R; = 1) or downward (R; > 1) or upward
(R, < 1) relative to the isopycnals, respectively.

[50] Intrusion slopes were s = (1.2 + 0.3) - 10~* and
s =(—1.8 £ 0.5) - 10~* for Borneo and ASCOS, respec-
tively, i.e., upward for Borneo and downward for ASCOS,
relative to horizontal surfaces. However, R, was larger than
unity for both surveys (Borneo: R; = 1.20 £ 0.03; ASCOS:
R, =1.28 £ 0.02) showing that the intrusions in both cases
were sloping downward relative to the isopycnals. Intrusions
sloping downward relative to isopycnals indicate that diffu-
sive convection is more dominant than salt fingering [May
and Kelley, 2001].

[51] Both salt fingering and diffusive convection modify
the intrusions and for a warm and salty intrusion, both pro-
cesses lead to a density flux out of the intrusion. In steady
state, this loss of density is balanced by advection of a hor-
izontal gradient and balancing these three fluxes provides a
ratio of the contribution of diffusive convection relative to
salt fingering [May and Kelley, 2001]:

prt—art_ (Ri=) (/-1
o =arr (1) 0/ —R)

(12)

where F; and Fris double-diffusive fluxes of salt and heat,
respectively and superscript d and f indicate diffusive con-
vection and salt fingering. v/~ 0.6 is the nondimensional flux
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ratio for salt fingering [McDougall and Ruddick, 1992], and
Y4 =~ 0.15 is the nondimensional flux ratio for diffusive con-
vection [Kelley, 1990]. Substituting values for R, yrand v,
into (12), yields ratios of 1.6 and 1.8 for Borneo and ASCOS,
respectively, which shows that diffusive convection con-
tributes 60% and 80% more than salt fingering in maintaining
the steady state intrusions in the central Amundsen Basin. By
assuming that the observed intrusions north of Svalbard had
reached steady state, May and Kelley [2001] found that
density fluxes induced by diffusive convection were three
times larger than those from salt fingering.

5.2. Cross-Frontal Intrusions at the Lomonosov Ridge

[52] The three stations across the Lomonosov Ridge
(LR1-3, Figure 1) contrast the weak horizontal gradient
regime at the Borneo and ASCOS surveys. The Lomonosov
Ridge is a shear zone with counter flowing currents on each
side with significant cross-ridge gradients in temperature and
salinity [e.g., Rudels et al., 1999].

[53] Average horizontal and vertical gradients in the depth
range of observed intrusions (250—450 m) are tabulated in
Table 4. The horizontal gradients in temperature and salinity
across the ridge between LR1 and LR3 were larger than
those across the frontal region north of Svalbard [May and
Kelley, 2001]. Temperature and salinity gradients did not
fully compensate, hence the front was considered baroclinic
with a positive density gradient toward the Makarov Basin
side of the ridge (Table 4).

[s4] Following the procedure described in section 5.1, we
detected the intrusions in LR1-LR3 and estimated s and R;.
The intrusions slope upward toward the cold and fresh side
of the front (Figure 11) with s = (7.0 + 4.0) - 10~*, almost
one order of magnitude steeper than in Borneo and ASCOS.
Relative to the isopycnals, intrusions slope marginally
downward, R, = 1.07 + 0.03 (Figure 10).

[55] In the growth stage, both double-diffusive processes
can be active in developing the intrusion. By applying pre-
dictions from the instability theory for a baroclinic front,
May and Kelley [2001] developed a set of criteria for s and

LR3 LR2 LR1

Cold

Depth [m]

60

Distance [km]

Figure 11. Vertical position of intrusions as function of
distance from LR1. Straight lines are linear regressions of
vertical position. Contours are isotherms.
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R; to determine which process dominates during growth. Salt
fingering dominates when [May and Kelley, 1997, 2001]

(aT v — WfﬁSx)

0<s < ——>— =
(aTz - 7/5Sz> (13)
aTy
<R <—
Vr 1 35,

where subscript x and z denotes horizontal and vertical gra-
dients, respectively and overbars indicate section average
gradients. Diffusive convection dominates when:

('YdaTx - ﬁSX)

- <s<0
(deOéTz - ﬁSz) * . (14)
of <R < !
— < —
ﬁSx d

[s6] Using the observed cross-front and vertical gradients
(Table 4), v,=0.6 and ;= 0.15 yields 0 <s < 1.7 - 10~ and
0.6 < R, < 2.6 for salt fingering and —4.6 - 10~* <5< 0 and
2.6 < R, < 6.7 for diffusive convection. The estimated
s=(7.0 £4.0)- 10~ and R, = 1.07 % 0.03 for LR3-LR1
indicate that salt fingering was the dominant double-
diffusive process during the growth stage of the intrusions.

[57] The slope of the intrusions was between the hori-
zontal and the slope of the isopycnals. In a baroclinic front,
intrusions with slopes in this range might be reinforced by
the baroclinicity, which contributes to the growth of the
intrusions [May and Kelley, 2001]. Assuming that a density
perturbation in an intrusive layer was caused by either salt
fingering or advection (due to baroclinicity) [May and
Kelley, 2001], and using the along-intrusion density ratio
and the flux ratio for salt fingering, we find the relative
contribution of salt fingering to be four times larger than the
contribution from advection of the horizontal density
gradient.

6. Summary

[58] Microstructure profiles collected in the central
Amundsen Basin were analyzed with emphasis to the role of
double-diffusive mixing in vertical heat transfer. More than
500 profiles were collected during two drifts in April and
August, 2008. A persistent thermohaline staircase was
observed between 200-260 m depth with properties similar
to the staircase in the Canada Basin [e.g., Neshyba et al.,
1971; Padman and Dillon, 1987, Timmermans et al.,
2008]. The vertical structure was characterized by an aver-
age density ratio R, ~ 3 and homogenous layers with an
average layer height of 1.3 m separated by thin interfaces
with average temperature and salinity jumps of about
0.065°C and 0.015, respectively. The lateral coherence was
not resolved.

[s9] The average vertical heat flux by diffusive convection
through the staircase was estimated to 0.6 W m ™2, using the
parameterization of Kelley [1990]. Heat fluxes were 2 to 3
times larger than those in the Canada Basin, and an order of
magnitude smaller than those in the shelf/slope areas of the
Arctic Ocean. A thorough examination of the measured
turbulent heat fluxes within the high gradient interfaces

SIREVAAG AND FER: DOUBLE-DIFFUSIVE MIXING IN THE ARCTIC

C07010

shows that these fluxes are an order of magnitude smaller
and that observations deviate from a “4/3 flux law,”
especially for a weak thermal forcing (small temperature
jump at the interface). This relation fails, perhaps partly
because our measurements were unable to resolve the
smallest fluxes, but possibly also because the parameteriza-
tion fails to capture the processes in an oceanographic
staircase for weak thermal forcing. An examination of the
scaling of the parameterized diffusive convective fluxes
shows that the scaling is overestimated by up to an order of
magnitude for R, < 3.5, but is within a factor of two for
R,>3.5. Similarly, the layer height tend to be overestimated
by the parameterization for low R,, but agrees well for
R, > 3.5. Double diffusive staircases are found around
warm/salty or cold/fresh intrusions, often observed in the
vertical stratification within the Arctic Ocean. Intrusions are
suggested to develop from either wide (basin scale) or nar-
row (e.g., across West Spitsbergen Current) ocean fronts
[Rudels et al., 1999]. Analytic considerations also suggest
that thermohaline intrusions can develop into staircases for
appropriate background density ratios and turbulent mixing
[Merryfield, 2000]. By examining the baroclinic front across
the Lomonosov Ridge, this area is identified as a possible
formation region for the observed intrusions and hence
important for forming and maintaining the observed vertical
segments susceptible for double diffusive processes. An
analysis of cross frontal slopes, gradients and density ratios
indicates that salt fingering is the most important process in
forming the intrusions, whereas diffusive convection con-
tributes significantly more in maintaining them in the central
Amundsen Basin.

[60] The most efficient heat loss from the warm Atlantic
layer of the Arctic Ocean occurs over shelves and within the
boundary currents. Away from topography and boundaries,
however, the Arctic water column is quiescent and vertical
mixing is limited. Based on parameterizations from labora-
tory studies, heat transfer by diffusive convection is up to an
order of magnitude more efficient than molecular diffusion
and the relative importance of diffusive convection can be
discussed in light of the overall heat loss from the Atlantic
layer of the Arctic Ocean. Aagaard and Greisman [1975]
estimated the net heat supply to the Arctic within the
Atlantic layer of the West Spitsbergen Current to be 55 TW,
of which 14 TW is lost to ice melting and exchange with the
atmosphere immediately north of Svalbard [Rudels et al.,
2008]. Another 12 TW is lost over “hot spots,” over rid-
ges, shelves and rough topography assuming that the topo-
graphic features cover ~30% of the surface area of the
Arctic Ocean [Fer et al., 2010]. The remaining heat, dis-
tributed over the abyssal plains, results in an average heat
loss from the Atlantic layer of ~4 W m 2. Provided the
crude calculations above, the parameterization based heat
flux from diffusive convection is significant for the observed
cooling of the Atlantic layer in the deep basins. In contrast to
hot spots of mixing over rough topography, staircases cover
extensive lateral areas of the Arctic basins; albeit the fluxes
are small, the contribution to the heat budgets cannot be
ignored. But as this study has shown; applying laboratory
based parameterizations in the ocean, is not trivial. Under-
standing the nature of oceanic thermohaline staircases and
the possible role of Arctic frontal regions in triggering
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thermohaline intrusions and subsequent staircases, merits
future research.
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