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ABSTRACT

Vertical mixing in the bottom boundary layer and pycnocline of the Laptev Sea is evaluated from a rapidly

sampled 12-h time series of microstructure temperature, conductivity, and shear observations collected under 100%

sea ice during October 2008. The bottom boundary turbulent kinetic energy dissipation was observed to be en-

hanced (� ; 1024 W m23) beyond background levels (� ; 1026 W m23), extending up to 10 m above the seabed

when simulated tidal currents were directed on slope. Upward heat fluxes into the halocline-class waters along the

Laptev Sea seabed peaked at ;4–8 W m22, averaging out to ;2 W m22 over the 12-h sampling period. In the

Laptev Sea pycnocline, an isolated 2-h episode of intense dissipation (� ; 1023 W m23) and vertical diffusivities

was observed that was not due to a localized wind event. Observations from an acoustic Doppler current meter

moored in the central Laptev Sea near the M2 critical latitude are consistent with a previous model in which mixing

episodes are driven by an enhancement of the pycnocline shear resulting from the alignment of the rotating pyc-

nocline shear vector with the under-ice stress vector. Upward cross-pycnocline heat fluxes from the Arctic halocline

peaked at ;54 W m22, resulting in a 12-h average of ;12 W m22. These results highlight the intermittent nature of

Arctic shelf sea mixing processes and how these processes can impact the transformation of Arctic Ocean water

masses. The observations also clearly demonstrate that absence or presence of sea ice profoundly affects the

availability of near-inertial kinetic energy to drive vertical mixing on the Arctic shelves.

1. Introduction

The Arctic Ocean is characterized by a cold fresh hal-

ocline which separates and insulates the colder and fresher

surface polar mixed layer (PML) from warmer saltier

water of Atlantic or Pacific origin at intermediate depths

(e.g., Aagaard et al. 1981; Rudels et al. 1996; Meincke

et al. 1997). The Arctic halocline is thought to be formed

and maintained by an influx to the polar basins of cold

saline water formed during freezing on the Arctic con-

tinental shelf seas (Aagaard et al. 1981). Consequently,

Arctic halocline formation theories have focused on

mechanisms for diapycnal and lateral mixing of the shelf

and oceanic waters (e.g., Rudels et al. 2000; Woodgate

et al. 2005; Shimada et al. 2005; Itoh et al. 2007). These
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halocline formation and maintenance mechanisms are

critical to Arctic upper-ocean stratification that in turn in-

fluences Arctic circulation, sea ice, and climate.

Mixing between the different water masses during hal-

ocline formation is unlikely to occur in the Arctic interior,

where the observed turbulent kinetic energy is weak (e.g.,

Padman 1995; Rainville and Winsor 2008; Fer 2009).

From the few observations available, mixing along the

Arctic Ocean periphery appears to be inhomogeneous.

Near the Yermak Plateau, the internal wave field has been

observed to be significantly elevated over Arctic inte-

rior levels and can provide energy for turbulent mixing

(Padman and Dillon 1991; Padman et al. 1992; D’Asaro

and Morison 1992; Fer et al. 2010). Marked variability

exists even in this small region, where Fer et al. (2010)

observed stronger stratification and weaker diffusivities

suppressing mixing on the south side of the Yermak Pla-

teau relative to the north side. This results in small AW

heat loss (2–4 W m22) when the West Spitsbergen Cur-

rent traverses the southern flank of the Yermak Plateau, in

comparison to higher AW heat losses (15 W m22) when

the current traverses the Plateau’s northern flank.

Away from the complicated submarine topography of

the Yermak Plateau, Arctic boundary mixing can be as

weak as the interior basins. North of the Laptev and East

Siberian Seas, recent observations in the Arctic boundary

current showed that the vertical mixing in the upper

thermocline is weak and dominated by double diffusion

rather than turbulent diapycnal mixing (Lenn et al. 2009).

The resulting vertical heat fluxes (#1 W m22) through

the upper thermocline are an order of magnitude too small

to account for the halocline and AW cooling observed

between adjacent cross sections of the Arctic boundary

current (Lenn et al. 2009). This implies that lateral ex-

change with the more energetic shelf seas may be more

important (Turner 2010).

The importance of vertical mixing due to the dissipa-

tion of wind or tidal energy has been well documented in

ice-free continental shelf seas and estuaries (e.g., Simpson

et al. 1996; Mackinnon and Gregg 2005; Rippeth 2005;

Burchard and Rippeth 2009, hereafter BR09). In moored

current observations from the Chukchi Sea continental

shelf in the western Arctic, Rainville and Woodgate (2009)

found a pronounced seasonal signal in wind-driven inertial

shear, implying vertical mixing, correlated with the annual

cycle of sea ice concentration. Tides provide direct forcing

to the Arctic marginal seas in all seasons. Recent obser-

vations and numerical models suggest that strong internal

tides are present in the Kara and Barents Seas and could

provide energy for turbulent mixing (Sundfjord et al. 2007;

Morozov et al. 2008; Sirevaag and Fer 2009). By intro-

ducing parameterizations for tidal mixing to a pan-Arctic

coupled ice–ocean model, Holloway and Proshutinsky

(2007) presented persuasive evidence that tidal mixing in

the Arctic seas, particularly over and near the continental

slope, is essential for the AW modification and setting

Arctic Ocean stratification. Despite their importance to

Arctic halocline formation and potential consequences

for Arctic circulation and climate, we have yet to identify

specific tidal mixing processes that dominate the Arctic

shelf sea environments and quantify their effect.

In this study, we investigate the tidally driven mixing in

the Arctic shelf seas with new rapidly sampled time-series

observations of turbulent dissipation and water column

stratification in the north Laptev Sea (NLS). These new

hydrographic and microstructure shear, temperature, and

conductivity observations resolve the bottom boundary

dissipation associated with the dominant semidiurnal M2

tide, as well as an unexpected isolated episode of intense

mixing in the pycnocline located at base of the PML.

Additional moored current velocity observations from

the central Laptev Sea and barotropic tide predictions

provide insight on the possible causes of the observed

pycnocline mixing. The study is laid out as follows: sec-

tion 2 contains descriptions of the observations, tide

model, analytical methods, and hydrographic environ-

ment; section 3 focuses on boundary layer mixing ob-

served in the NLS; section 4 describes the observations of

intense pycnocline mixing in the NLS and pycnocline

shear variability in the central Laptev Sea (CLS); section 5

includes a discussion of the mechanisms driving intermit-

tent shear enhancement and mixing, as well as the con-

sequences of the observed vertical fluxes; and section 6

summarizes our conclusions.

2. Data, environment, and methods

a. North Laptev Sea observations

The 2008 Arctic Basin-wide Synoptic Oceanography

(ASBO) field season was undertaken as a joint cruise with

the Nansen and Amundsen Basins Observational System

(NABOS) research program aboard the Russian ice-

breaking vessel I/B Kapitan Dranitsyn. On 12 October

2008, a microstructure dissipation time series was col-

lected over a 12-h period in the northern Laptev Sea. The

data were collected under 100% ice coverage of a first-year

ice sheet ;1 m thick, at a mean position of 79814.819N,

144856.139E and a nominal water depth of 100 m (Fig. 1).

The times series was located south of the end of the

Lomonosov Ridge. This site is ;60 km south of the ‘‘ridge’’

boundary current cross section presented by Lenn et al.

(2009), who found that double-diffusive convection dom-

inated vertical fluxes in the upper thermocline. To fa-

cilitate measurements, a small opening in the ice was

created by vessel maneuvers upon arrival on station.
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This opening (;20-m diameter) was kept free of ice by

an outward-directed subsurface sheet of bubbles pro-

duced from the ship’s portside air bubbler, with the ship

resting directly against the ice sheet on the starboard

side. Microstructure profiles of shear, temperature (T),

and conductivity were collected using a Vertical Mi-

crostructure Profiler (VMP), manufactured by Rockland

Scientific Instruments and equipped with a 64-kHz Sea-

bird unpumped conductivity–temperature—depth (CTD)

instrument (an SBE-3 thermistor and an SBE-4 conduc-

tivity cell), deployed through the opening. Between 1100

and 2300 UTC, the ship was allowed to drift freely with

the ice sheet while we collected 4–5 VMP profiles within

the first 30 min of each hour period, except from 1300 to

1530 UTC, when the ship was repositioning to avoid

drifting into deeper water (see ship track: Fig. 1b). The

NLS data thus constitute a 12-h time series that includes

a 2-h disruption.

The VMP was deployed in free-fall mode with typical

fall speeds of ;0.6 m s21 until coming to rest on the bot-

tom and was not recovered onto deck except during the

repositioning exercise. Temperature and salinity pre-

sented in this study come from the VMP’s Seabird in-

strument. Slow flow rates through the Seabird conductivity

cell required that the Seabird conductivity data be

calibrated to independent CTD measurements, taken

once every 4 h by the instrument on the main CTD

rosette, and interpolated in time to each profile. Cali-

brated VMP–Seabird data at 1-m resolution are used for

the salinities (S) presented here. Vertical gradients of T,

S, and related quantities are calculated over 2-m intervals

(dz 5 2 m) unless stated otherwise throughout the study.

Microstructure shear data were edited to exclude

near-surface observations susceptible to ship-wake and

bubbler-induced turbulence, postbottom impact data, and

anomalous data spikes. Following Rippeth et al. (2003),

turbulent kinetic energy (TKE) dissipation was estimated

as � 5 7.5mhuz
2iW m23, where m 5 1.88 3 1023 J m23 s

is the dynamic viscosity of seawater at 08C and angle

brackets denote the integrated subinertial shear spectrum

calculated over 2-s intervals (;1.3-m depth). The in-

strument noise level is ;2 3 1027 W m23.

Vertical diffusivities in this study are estimated fol-

lowing Osborn (1980), Kz 5 G�/roN2, where the mixing

efficiency G is taken to be 0.2; ro (51026 kg m23) is the

density of seawater; and N2 5 gro
21(dr/dz) is the buoy-

ancy frequency dependent on gravitational acceleration

constant g and density ro. In shear-induced turbulent en-

vironments such as the shallow Laptev Sea, our Kz esti-

mates based on G 5 0.2 should be considered an upper

bound. Heat fluxes are calculated as FH 5 2rocpKz(dT/dz)

W m22, where cp 5 3900 J kg21 K21 is the specific heat

of seawater. Salt fluxes are calculated from Fs 5

2100021roKz(dS/dz) kg s21 m22.

FIG. 1. (a) Map of the Arctic Ocean, marked with the locations of the NLS station (red cross) and the CLS mooring

(red dot). (b) NLS time-series station locations relative to 79812.629N, 144851.489E, with the AOTIM5 tidal currents

overlaid on top of bathymetric contours. The path of the station drift is indicated by the thick gray line, and the ship’s

track during repositioning is indicated by the dotted line. Different colors correspond to the time stamps indicated in

the color bar.
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b. Central Laptev Sea observations

This study also includes water velocities from a mooring

deployed from August 2006 to July 2007 in the CLS, ap-

proximately 520 km away from the NLS site, at 768449N,

125855.39E in 64 m of water (Fig. 1a). The mooring was

deployed during the German–Russian TRANSDRIFT

XII/BARKALEV experiment, with an upward-looking

Teledyne–RDI Workhorse Sentinel 300-kHz acoustic

Doppler current profiler (ADCP) tethered 2-m above the

sea floor. The ADCP was configured to profile water col-

umn currents, averaged within 2-m depth bins, from

10 m above the instrument to 10 m below the surface every

30 min. In this upward-looking configuration, the bottom

tracking mode provided drift velocity of the overhead sea

ice during the winter months. In the absence of ice, the

ADCP frequently loses tracking and returns missing data

values or unrealistically high surface velocities.

The moored ADCP velocities confirm that the semi-

diurnal tides strongly dominate the Laptev Sea barotropic

tides (Figs. 2a,b). Tidal constituents of the ADCP veloc-

ities were extracted for each day and each depth from a

28-day window centered on that day (Figs. 2a,b) using the

t-tide least squares tidal harmonic routines (Pawlowicz

et al. 2002). The barotropic component of the observed

tidal currents (Fig. 2c) is derived from averaging the sum

of all the tidal constituents over all depths. In equations

throughout the text, bold symbols indicate vector quan-

tities such as the ADCP velocities and shear.

Sea ice concentrations used in this study are inferred

from the brightness temperatures of the Nimbus-7 Scan-

ning Multichannel Microwave Radiometer (SMMR) and

the Defense Meteorological Satellite Program (DMSP)

Special Sensor Microwave Imager (SSM/I). The gridded

product is provided by the National Snow and Ice Data

Center on a polar stereographic grid with cell sizes of

25 km 3 25 km (Cavalieri et al. 2008). Because the CLS

mooring location proved to be almost equidistant from

centers of the four nearest grid cells, we have averaged ice

concentrations from all grid cells to estimate the sea ice

concentration at CLS. Note that we can expect there to be

some discrepancy between the ADCP and the satellite

sea ice concentrations, as essentially the satellite estimate

covers a 50 3 50 km area, whereas the ADCP would

return ice-drift velocities from an area at most 60 m in

diameter. In this study, we present the monthly-mean

data (1 December 2006–30 April 2007), except during the

freezing and melting seasons when the daily-mean data

are shown.

c. AOTIM5 Arctic tidal model

Barotropic tides for the NLS time series and CLS

mooring locations were derived from Arctic Ocean

Tidal Inverse Model (AOTIM5) output (Padman and

Erofeeva 2004). This pan-Arctic assimilation model is

highly resolved (5-km grid), assimilating data from coastal

and benthic tide gauges (between 250 and 310 gauges per

tidal constituent) and available satellite altimeters [364

cycles of Ocean Topography Experiment (TOPEX)/

Poseidon and 108 cycles of European Remote Sensing

Satellite (ERS) altimeter data] to simulate the four most

energetic tides: M2, S2, O1, and K1. Model bathymetry is

based on the International Bathymetric Chart of the Arctic

Ocean (Jakobsson et al. 2000), and sea ice is not included in

the model. AOTIM5 model predictions show the tide prop-

agating across the shelf from CLS to NLS without crossing

any amphidromic points; the phase lag between the total

CLS and total NLS tide is ;308. At both NLS and CLS, the

tidal currents rotate anticyclonically (clockwise) in time.

Two corrections have been applied to the AOTIM5

predictions presented in this study. First, at the CLS lo-

cation the actual water depth of 64 m differs from the

68.06 m of the model bathymetry. At the NLS location

the difference between the model bathymetry and actual

water depth are likewise small, less than 10 m or 9%

water depth. The AOTIM5 barotropic tidal predictions

have been multiplied by the ratio of model-to-true water

depth at each location. Second, Kowalik and Proshutinsky

(1994) pointed out that Arctic tides are sensitive to the

presence of ice cover, resulting in up to 10% amplitude

and 1–2-h phase changes on seasonal time scales. The

observed (depth averaged) and model tides at the CLS

mooring location during ice-free early September 2006

differed slightly in amplitude but were nearly identical in

phase (not shown). By late November, the AOTIM5 tidal

currents have slightly smaller amplitudes and lag the ob-

servations by about one and a half hours (Fig. 2c). Con-

sequently, given the phase correction implied by the CLS

ADCP currents, we advanced all the AOTIM5 predic-

tions for the NLS location by 1.5 h. This phase correction

applies to all the figures in which AOTIM5 currents are

shown, except Fig. 2.

Both the AOTIM5 and CLS currents show there is

a strong spring–neap cycle in the Laptev Sea continental

shelf tides, with the deeper NLS currents having smaller

amplitudes and a less pronounced spring–neap cycle than

at CLS (Fig. 3). The October 2008 NLS observations took

place between the neap and spring tides (Fig. 3b). Note

that the CLS period shown in Fig. 2 also occurs between

the neap and spring tides (Fig. 3a).

d. NLS hydrography

At the NLS time-series location, the water column

was stratified with the cold fresh PML (T , 21.78C:

Figs. 4a, 5a; S , 31.5: Figs. 4b, 5b) separated from warmer

and saltier water below by a shallow pycnocline (;20-m
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depth, 21.78C , T , 21.58C, and 31.25 , S , 32.5). The

NLS pycnocline and water below it were characteristic of

the Arctic halocline that is found throughout the Arctic

Ocean and marginal seas, and is fresher and cooler than

Atlantic- or Pacific-source water (typically T . 08C, S .

34.5). During the NLS time series, no dramatic evolution

in the stratification was observed (Fig. 4). The slight

decrease in water temperature observed below the

pycnocline in the first 2 h of observations (Fig. 5a) is more

likely due to spatial variability as we drifted off slope over

deeper water. A comparison of the potential temperature–

salinity (u–S) curves for the NLS profiles shows a clear

divergence in water mass properties below the base of

the pycnocline (S 5 32.5) at the deepest stations (be-

tween 1200 and 1400 UTC; Fig. 6).

Stratification favorable to double-diffusive convections

typically has density ratios Rr 5 (b›S/›z)(a›u/›z)21,

where a and b are the thermal and haline expansion

FIG. 2. Time series of CLS data for the 19 Nov 2006 (a) zonal and (b) meridional components

of the ADCP currents (color contoured) and the sum of the tidal harmonics (gray contours) are

shown. (c) The zonal (solid lines) and meridional (dashed lines) components of the depth-

averaged total tidal current from the t-tide fit (gray lines) compared to the AOTIM5 simulated

barotropic tidal currents (black lines); (d) shear variance f(½)[(›u/›z)2 1 (›y/›z)2]g; and (e) the

direction of the bulk-shear vector (blue circles), the depth-averaged tidal harmonic sum (green

crosses), and the AOTIM5 tidal current (red crosses) are shown.
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constants, respectively, greater than one and less than 10

(Kelley et al. 2003). With NLS stratification resulting in Rr

of O(10), calculated over 5-m depth intervals, there was

scant evidence of the telltale thermohaline staircases

characteristic of double diffusion. This suggests that, in

this continental shelf sea, the expected staircases are

eroded by turbulence in contrast to the well-defined

upper-thermocline staircases below 100-m depth with

1 # Rr # 3 observed slightly north over the continental

slope (Lenn et al. 2009).

3. Boundary layer dissipation in the NLS

Sea ice can affect Arctic PML dynamics by enhancing

the under-ice dissipation beyond levels expected in open

water (e.g., McPhee 1992; McPhee and Martinson 1994;

McPhee et al. 2003; Fer and Sundfjord 2007), resulting in

high vertical heat fluxes that are important for the oceanic

ice-mass balance (Maykut and Untersteiner 1971). The

NLS observations resolve only a small deep portion of

the PML (Figs. 5a–c). This is because NLS profiles were

edited to exclude the initial non-free-fall portion of each

cast (typically the top 15 m) and spurious turbulence from

the air bubbler. Nonetheless, we can say that turbulent

dissipation in the PML (above ;20-m depth) is elevated

relative to dissipations below the pycnocline and above

the bottom boundary layer throughout the time series

(Fig. 5a). The PML dissipations (1–7 3 1024 W m23)

are at least an order of magnitude lower than mixed

layer dissipations reported by Sundfjord et al. (2007) and

Sirevaag and Fer (2009), from observations in the mar-

ginal ice zone of the Barents Sea and on Norwegian Bank

just north of Svalbard, respectively.

In continental shelf seas, near-seabed velocities (Ub)

produce seabed stresses that in turn drive � and mixing

within a bottom boundary layer (BBL). Fluctuating tidal

currents (Ut) can interact with ambient residual mean

current (U) to modulate the near-seabed velocities and

stresses, producing an evolving BBL that varies with the

tide in a manner most pronounced when the tides are

rectilinear (Simpson et al. 1996). The NLS observations

were collected during a short drift over 10 km of a gently

sloping seabed where phase differences in the AOTIM5

predictions are negligible while the amplitude differences

are less than 1 cm s21 and U is unknown. There were also

no obvious near-bottom stratification changes under the

NLS drift track (Figs. 4, 5) that might affect the tidal

profiles and so spatially modify tidal forcing of the BBL

mixing. Hence, variability in the BBL � is likely to be due

to temporal variability in Ut or spatial variability in U.

The NLS seabed TKE � (�; 1024 W m23) is significantly

enhanced over background levels (� ; 1026 W m23)

before 1800 UTC (Fig. 5a). Stratification near the seabed

in the NLS is weak (Fig. 4d), leading to high vertical

diffusivities (Kz; Fig. 5b). This implies a tendency to en-

hanced vertical mixing of scalars in a bottom boundary

layer that extends up to 10 m above the bottom (Fig. 5b).

A comparison of BBL � with the AOTIM5 tidal cur-

rents shows that � is clearly enhanced during on-slope tidal

flow and weaker when the tidal flow is directed off slope

(Figs. 5, 7a). Given the slight local curvature of the con-

tinental shelf contours, we have approximated the average

on-slope direction as southward and the along-slope

direction as eastward. It is possible to estimate the evolu-

tion of the shelf currents driving the BBL � if, following

Simpson et al. (1996), we assume that, to first order,

FIG. 3. Daily averaged current magnitude from (a) November 2006 and (b) October 2008. AOTIM5 predictions for

CLS (black lines) and NLS (dashed black lines) are shown. The daily averaged and depth-averaged total t-tide fit to

the CLS ADCP currents (gray line) is shown for November 2006. The NLS observation period (12 Oct 2008) and the

period corresponding to CLS currents shown in Fig. 2 (19 Nov 2006) are highlighted by the gray shading.
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ð
BBL

� dz 5 C
d
rU

b
U

b

�� ��2, (1)

where Cd is the sea bed drag coefficient taken to be

2.5 3 1023 and Ub

�� �� 5 Ut 1 U
�� �� is the depth-mean speed.

Similarities between U
�� �� estimates and the modeled jUtj

prior to 1800 UTC (Fig. 5d) suggest that jUtj is the primary

contributor to near-seabed NLS currents but cannot fully

account for the BBL evolution after 1800 UTC (Fig. 5d).

Hence, the U
�� �� estimates and the modeled jUtj together

imply the presence of a small residual U. Indeed, a residual

mean of U 5 ;2.3 cm s21 directed south-southeast (i.e.,

728) over the NLS drift track, in addition to modeled Ut,

approximates the magnitude and phase of the U
�� �� esti-

mates (Fig. 5d).

FIG. 4. Hourly averaged NLS profiles of (a) temperature, (b) density r, (c) salinity, and (d) buoyancy frequency

squared N2 for 1147, 1639, 1939, and 2237 UTC (see Fig. 5). For clarity, after 1147 UTC, subsequent profiles are each

offset from the previous profile by (a) 0.18C, (b) 0.5 kg m23, (c) 0.5, and (d) 0.001 s22. Note that the thick black

profile in (a)–(d) occurred during the intense pycnocline mixing event at 1939 UTC.
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Although speculative, an ambient mean on-slope current

of the third the magnitude of the maximum tidal current is

consistent with the observed BBL � evolution and would

imply the encroachment of continental slope water onto

the Laptev Sea continental shelf, where it can be subject to

BBL mixing. Modification of bottom boundary mixing

arising from an interaction between a residual cross-slope

current and the fluctuating tidal flow has been observed

elsewhere; in the Ross Sea this has consequences for

properties of the shelf water exported to the deep ocean

(Padman et al. 2009). Finally, we also note that, because

the NLS observations were made slightly closer to neaps

than springs (Fig. 3b), our results may be representative

of the longer-term average BBL � here.

4. Intermittent enhancement of midwater TKE
dissipation and shear

a. Intermittent NLS pycnocline TKE dissipation

The most striking feature of the NLS � time series is the

patch of very high � (;1023 W m23) centered at 20-m

FIG. 5. Time series of (a) contoured TKE dissipation rate flog10[�(t, z)]g, with overlaid

contours of temperature (white lines); (b) contoured eddy diffusivity [log10(Kz(t, z))] with

overlaid contours of salinity (white lines); (c) along- and cross-slope components of AOTIM5

tidal currents; and (d) current speed inferred from
Ð

BBL� dz 5 CDrUbjUbj2 (crosses), the

AOTIM5 tidal model (solid line), and AOTIM5 plus U (dashed–dotted line). In (a),(b) the

microstructure profile times are marked by black triangles, and vertical black lines indicate

the average time of the hourly averaged temperature and salinity profiles shown in Fig. 4.
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depth over a two-hour period between 1800 to 2030 UTC

(10 VMP profiles; Fig. 8b). The high � results in enhanced

diffusivities (Kz ; 5 3 1024 m2 s21; Fig. 8b) that are al-

ready elevated in the pycnocline (� ; 1024 W m23; Kz ;

1.5 3 1025 m2 s21) by more than an order of magnitude

above background values throughout the time series

(Figs. 5a,b). This high � event reduces stratification

within the pycnocline (Fig. 4d), resulting in a thickening

of the pycnocline, which can be quantified by the sep-

aration of the 31.5 and 32.5 isohalines (Figs. 5b, 8a).

When the turbulent mixing event concludes, the TS step

across the pycnocline is rapidly eroded from the top by

surface boundary layer mixing.

These observations show that the mixing at the top of

the Arctic halocline can be intense but episodic on the

Arctic shelves, raising questions about the nature of this

intermittency. In the absence of a buoyancy flux and

vertical transport of TKE within a fluid, shear instabilities

give rise to shear production of TKE that is balanced by

viscous dissipation. Hence, the intermittent nature of the

intense NLS � event points to an intermittent generation

of pycnocline shear. Shear will be concentrated across

regions of strong stable stratification such as the NLS pyc-

nocline, which inhibit the vertical transfer of momentum.

In open water, high wind stresses from storms generate

large inertial currents that impose high shear across the

pycnocline. However, the NLS observations were collected

in 100% ice cover, where the only direct air–sea interface

was the small patch of water kept open by the ship’s air

bubbler. We are confident that the ship drift, angle of the

VMP wire relative to vertical, and instrument fall speed

conspired to place the observations under the ice. Defor-

mation of the ice cover can result in direct transmission of

local wind forcing to the underlying ocean (McPhee et al.

2005), but no deformations were observed during the NLS

time series. Hence, during the NLS observations, surface

stresses exerted on the water were due to the drag of the

drifting ice sheet that integrated the effect of local wind

stresses over its full areal extent.

NLS ice-drift velocities over ground (Fig. 8), inferred

from the ship drift, can be separated into time-averaged

(Vice) and transient [Vice(t)] components. The time-

averaged drift speed is 23.04 cm s21 (Fig. 8d) and is

directed north-northeast (23.78; Fig. 8e). The transient

component of the drift speed is similar to the predicted

tidal speed, varying from 1 to 7 cm s21 (Fig. 8c). The tran-

sient component of the drift direction rotates clockwise at

a frequency close to semidiurnal, with a large phase lag

relative to the predicted tidal currents (Fig. 8e). This ro-

tation rate is suggestive that there is a small near-inertial

component present in the ice drift during the NLS ob-

servations that may be the result of underlying near-

inertial oscillations. Note that the transient drift speed is

at a minimum during the high � event (Fig. 8c), and thus

high shear required to drive the high � event is unlikely

to be due to large-amplitude near-inertial oscillations. It

is clear that the magnitude and direction of the drifting

ice, and hence the under-ice stress, is dominated by the

larger time-averaged component (Fig. 8).

FIG. 6. NLS potential temperature–salinity diagram with the

potential density isopycnals relative to the surface (su) drawn in

gray. Different colors correspond to the time stamps indicated in

the color bar below.

FIG. 7. (a) Compass plot of the AOTIM5 currents predicted for

the NLS time series. Arrow colors correspond to � (W m23) av-

eraged over the 10-m bottom boundary layer; the color scale is

shown on the right. Tidal currents rotate clockwise such that the

arrow width decreases with time.
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Under-ice stresses are typically calculated using a

quadratic drag law in which the drag coefficient depends

on the roughness of the underside of the ice, and the ve-

locity is taken to be the ice-water relative velocity rather

than the free drift ice velocity (McPhee 2002, and ref-

erences therein). Assuming that the transient compo-

nent of the drift results from underlying near-inertial

currents, then the ice-water relative velocity can be esti-

mated from the difference between the time-averaged

component of the ice drift and the predicted barotropic

tide (V9ice 5 Vice �Vtide). Consequently, the surface stress

will fluctuate predominantly with the rotating tidal currents

(Fig. 1b), achieving a maximum once every tidal cycle when

relative ice-water velocity is maximum (Fig. 8d). The NLS

jV9icej, and consequently surface stress, was maximum

shortly before 1600 UTC (Fig. 8d), approximately 4 h

before the intense � event. Clearly, the large impulse in

under-ice stress from localized wind forcing or other

sources required to drive the dramatic peak in � is con-

spicuously absent from the record.

b. Variability in pycnocline shear at CLS

The CLS ADCP velocities provide some insight on the

nature of the baroclinic currents and associated pyc-

nocline shear that may be present at the NLS site. Pro-

nounced vertical shear in the tidally dominated horizontal

ADCP currents is clearly present 20–25 m from the sur-

face, such that the currents above 24-m depth lead the

underlying currents (Figs. 2a,b). CTD observations in

close proximity to this site, made during the NABOS/

ASBO September 2007 expedition, confirm that this cor-

responds to the depth of the pycnocline (Abrahamsen et al.

2008) in what is essentially a two-layer system. To char-

acterize the pycnocline shear, we computed the bulk-shear

FIG. 8. Time series of (a) the vertical separation of the 31.5 and 32.5 isohalines as a proxy for

the pycnocline thickness; (b) layer-mean pycnocline � (pluses) and Kz (diamonds), (c) transient

component of the drift speed (circles) and AOTIM5 tidal speed (crisscrosses), (d) the time-

mean drift speed (jV
ice
j; thin line) and relative ice speed (V9icej thick line), and (e) time-mean

drift direction (thin line), relative ice-drift direction (thick line), transient drift direction (cir-

cles), and AOTIM5 barotropic tide direction (crisscrosses).
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vector Sb by differencing the top (10–14-m depth) and

bottom (30–44-m depth) layer-averaged ADCP currents

and dividing by the mean separation of the layers (25 m).

The relative ice velocity is calculated by subtracting the

depth-averaged velocity of the two uppermost ADCP

bins from the ice-drift velocity, given by the ‘‘bottom

tracking’’ returns of the upward-looking ADCP, V9ice 5

Vice 2 Vwater.

Rotary spectral analysis of the CLS time series provides

an assessment of the Sb variability and rotational polari-

zation on seasonal and shorter time scales. To assess

seasonal differences in the bulk shear, we have computed

the rotary spectra for the ice-covered winter (mid-October

2006 to late May 2007) and relatively ice-free summer

(all other times). Note that satellite observations show

that sea ice at CLS advanced rapidly from near zero to

80% concentration over a month-long period beginning

in mid-September 2006, achieving 100% concentration in

late November 2006 (Fig. 9a). However, the CLS ADCP

ice-drift data transitioned from noisy intermittent returns

to values consistent with the continuous presence of

drifting overhead sea ice in late October 2006 (Fig. 9a).

Hence, we believe that the CLS ice pack became consol-

idated somewhat earlier than the satellites imply and have

FIG. 9. CLS time series of (a) Nimbus-7 SMMR and DMSP–SSM/I sea ice concentrations;

(b) bulk-shear squared amplitude Sb
2 (red line; scale at left) and relative surface velocity am-

plitude jV9icej (black line; scale at right); (c) Ŝb spectral density of the wavelet spectra for the

zonal bulk-shear component; fsd band-integrated variance of the (d) zonal wavelet spectra

(hŜ
b
i

f sd
; red line) and (e) detided zonal wavelet spectra (blue line); (f) magnitude of the depth-

averaged ADCP currents (gray line) and AOTIM5 tidal currents (black line). The occurrences

of the neap tides are indicated by the thick light gray lines in (c)–(f).
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chosen to delineate the ice-covered season accordingly.

Because the observations were close to the M2 critical

latitude, the rotary spectra do not separate out the semi-

diurnal tides and inertial frequencies for this time series,

because both are anticyclonically polarized (1 and 2

superscripts henceforth indicate anticyclonic and cyclonic

polarization, respectively). From here on, we refer to

a semidiurnal frequency band fsd centered at 0.0810 cph

with half-peak bandwidth of 0.0062 cph that includes the

principal semidiurnal lunar M2 (0.0806 cph) and solar S2

(0.0833 cph) tidal harmonics and f (0.0815 cph).

Area-preserving Sb
1 spectra are strongly peaked over

the fsd frequency band in both seasons (Fig. 10a) and

contain virtually no energy at other frequencies in either

season. Clearly, the anticyclonic summer fsd peak pos-

sesses more than twice the energy of the winter fsd peak

(Fig. 10a), a seasonal difference that is statistically sig-

nificant at 95% confidence. In comparison, the Sb
2 spectra

contain no energy at any frequency resolved (Fig. 10a).

Rotary spectra presented on log–log axes highlight other

differences between the polarizations and seasons. At

frequencies below fsd, there is no statistically significant

polarization of the summer Sb spectrum (Fig. 10b). Con-

versely, in winter, at frequencies greater than 0.01 cph, we

can say with 95% confidence that the anticyclonic Sb
1

spectrum is greater than Sb
2 spectrum and peaks at the

P1/K1 diurnal frequencies (Fig. 10). There is also a statis-

tically significant difference in the width of the summer

and winter fsd peaks (Fig. 10b). The winter fsd
1 peak is

much narrower at its base than the summer fsd
1 peak, which

contains energy spread over a wider semidiurnal fre-

quency range from 0.06 to 0.11 cph (Fig. 10b).

Wavelet spectral analysis (Liu 1994) allows us to better

resolve how Sb variability evolves with time. The Morlet

wavelet spectra (indicated by^) for the zonal and merid-

ional Ŝb components are very similar because of the rotary

nature of the shear, thus for clarity we present only the full

spectral results for the zonal component (Fig. 9c). As in

the rotary spectra, the variance is concentrated in the

fsd band (Fig. 9c). By integrating the zonal and meridional

wavelet spectra across the fsd band, we can focus on the

evolution of the semidiurnal variability in Ŝ
b

(Fig. 9c). The

wavelet analysis was also repeated for ‘‘detided’’ ADCP

velocity shear, from which the total tides fit as described

in section 2b have been subtracted. The detided wavelet

spectrum was also strongly peaked in the fsd band (not

shown), and the variance contained within this peak can

be mainly attributed to inertial current shear (Ŝi; Fig. 9e).

The wavelet spectra analysis clearly demonstrates that

tidal forcing is an important component of the variability

in the CLS currents in all seasons, particularly in winter.

Subtracting the tidal harmonics reduced the variance

contained in Ŝi relative to Ŝb by ;30% in summer and

;75% in winter (note different scales in Figs. 9d,e). The

beating of the M2 and S2 tidal harmonics results in

a spring–neap tidal cycle that is also apparent in Ŝb( f sd)

(Fig. 9d). This spring–neap tidal modulation is clearest

from late October 2006 to mid-April 2007 under near-

100% ice cover and diminishes with the loss sea ice due to

the increased presence of randomly phased inertial cur-

rents (Fig. 9d).

The wavelet spectra also clearly show that the large

decrease in fsd variance (Figs. 9c,d) seen in late October

FIG. 10. Rotary spectra plotted in (a) area-preserving form and

(b) against a log–log axis of Sb for the winter (blue lines: mid-

October 2006 to late May 2007) and summer (red lines: all other

times). Anticyclonic (clockwise rotating) and cyclonic (anticlock-

wise rotating) components are plotted as thick and thin lines,

respectively. Dotted lines indicate frequencies of the principal di-

urnal tides O1, P1, and K1 (0.0387–0.0418 cph); the dominant semi-

diurnal tide M2 (0.0806 cph); inertial f (0.0815 cph); S2 (0.0833 cph);

and the quarter-diurnal tide M4 (0.1613 cph). Note that the lines

corresponding to the M2 and inertial frequencies are so close as to

be not clearly distinct at this scale: likewise for the P1 and K1 lines.

Note that the 95% confidence intervals in (a) apply to the semi-

diurnal peak values of each spectrum, whereas in (b) they apply

over the all the frequencies resolved.
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2006 is consistent with attenuation of wind momentum

transferred to surface-intensified near-inertial currents

(Ŝ
i
; Fig. 9e) by the advancing sea ice (Fig. 9a). The fsd

variance remains low until late May 2007, when the sea

ice retreats. Our wavelet and rotary spectral analyses show

that the CLS currents are highly sensitive to the presence

of sea ice, such that there is a striking increase in pycno-

cline shear due to wind-forced near-inertial currents in

the absence of sea ice. These results are also in strong

agreement with the observations made by Rainville and

Woodgate (2009) in the marginal Chukchi Sea of the

western Arctic. Taken together, the Laptev and Chukchi

Sea observations provide clear evidence that there is con-

siderably more kinetic energy available to drive vertical

mixing in the Arctic continental shelf seas during ice-free

periods than during periods of ice cover. In a changing

Arctic, where sea ice concentrations are reduced, this sug-

gests that the Arctic continental shelves will become ever

more energetic mixing environments.

5. Discussion

a. Episodic generation of midwater mixing

In the Arctic marginal seas, the tides are also subject

to critical latitude effects (i.e., where the local inertial

frequency f matches the semidiurnal tidal frequencies:

e.g., 748289180N and 858459540N for M2 and S2, respec-

tively). Close to or at the critical latitudes for given tidal

constituents, these constituents become strongly depth

dependant (e.g., Prinsenberg and Bennett 1989; Furevik

and Foldvik 1996) and sensitive to stratification (e.g.,

Makinson 2002). Models and observations show that the

rotational polarization of the tide, together with the strat-

ification, are determining factors in boundary layer thick-

ness (e.g., Simpson and Tinker 2009), effects that becomes

acute at critical latitudes (Prandle 1982; Furevik and

Foldvik 1996; Makinson et al. 2006; Daae et al. 2009).

The near-critical anticyclonic tidal component generates

significantly thicker bottom boundary layers that can

extend high up into a weakly stratified water column,

resulting in higher mixing over a greater depth range than

the cyclonic component. Both the CLS and NLS sites are

located between the M2 and S2 critical latitudes, and they

are characterized by AOTIM5 barotropic tidal currents

that are strongly clockwise polarized (i.e., anticyclonic)

and have a large M2 component. At NLS, relatively weak

tidal currents result in a thin BBL, which is unconnected

to the high � episode in the pycnocline (Fig. 5a).

Tidal harmonic decomposition of the CLS currents

shows that the M2 tidal ellipses are markedly sheared with

a midwater maximum (not shown,) as expected near the

critical latitude (Prinsenberg and Bennett 1989; Furevik

and Foldvik 1996; Makinson et al. 2006). Observations

and models have shown that the midwater maxima in the

near-critical M2 currents (,26 cm s21) results from a de-

coupling of the under-ice and bottom boundary layers from

the water column around the pycnocline (Prinsenberg and

Bennett 1989; Makinson 2002). Given the small tidal cur-

rents at CLS, it is unlikely that the surface and bottom

boundary layers can grow to sufficient thickness to strongly

impact pycnocline shear. Rather, the pycnocline shear at

CLS arises from the shear above the midwater M2 maxi-

mum and is separated from the shear below the midwater

M2 maxima that drives CLS BBL �. Consequently, we can

expect an increase in Sb as the semidiurnal M2 tidal cur-

rent at CLS approaches its maximum free-stream velocity

on quarter-diurnal time scales. However, the Sb is domi-

nated by semidiurnal, rather than quarter-diurnal, vari-

ability in the CLS. Thus, critical latitude effects can

account for the baroclinicity of the M2 tide but do not fully

explain variability in Sb.

A closer examination of bulk-shear squared (Sb
2 5 jSbj2)

shows regular enhancement of Sb
2 on semidiurnal time

scales (Fig. 11a). This is true throughout the CLS record

and not just for the 3–4-day mid-November 2006 period

(Fig. 11) chosen for comparison because of similarities

with the environmental conditions of the 2008 cruise.

During this period, there were no large fluctuations in

V9ice, except early on November 18 (Fig. 11a). The lack

of correlation between Sb
2 and changes in amplitude or

phase of V9ice, (Figs. 11a,c), unless these were unusually

large and abrupt, discounts the possibility that intermit-

tent generation of near-inertial currents by the under-ice

stress is responsible for enhancing the bulk shear. Instead,

the under-ice stresses may play a different role in gener-

ating the enhanced shear observed.

Rippeth et al. (2009) recently described short episodic

bursts of enhanced shear across the temperate continental

shelf sea thermocline that were correlated with enhanced

�, resulting in intermittent mixing within the thermocline.

Solving a simple two-layer one-dimensional model of a

stratified tidal shelf sea forced by a surface wind stress,

BR09 predicted that the time rate of change in bulk-shear

squared Sb
2 is

›
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where h is the sum of the hs upper- and hl lower-layer

thicknesses, ts and tl are the surface and bed stresses, and

ci is the interfacial form drag coefficient. In other words, S2

is produced or destroyed by an interaction between Sb and

the sum of the layer-weighted surface and bed stresses,

and it is dissipated by interfacial friction. With this model,

BR09 were able to accurately predict the bulk-shear

MARCH 2011 L E N N E T A L . 543



spiking resulting from an alignment between Sb and ts

(which was�tlhshl
21) observed during summer stratified

conditions in the northern North Sea.

Under early winter ice-covered conditions in the CLS,

both the Sb and tl are strongly dominated by the semi-

diurnal tides (Fig. 10a). It follows then that the phase dif-

ference between Sb and the bottom tidal currents will be

relatively constant barring abrupt and large changes in

the stratification. Hence, the bed stress component of the

shear generation term in Eq. (2) is unlikely to provide

intermittent forcing. Episodic generation of Sb
2 will mainly

arise from an alignment between the anticyclonically ro-

tating Sb and the surface stress term, which depends on

V9ice, To test this hypothesis, we computed ›tSb
2 (Fig. 11b)

from the measured time rate of change of Sb
2 (Fig. 11a),

applying a 2-h running mean to reduce the noise. Each

occasion on which the semidiurnally rotating Sb comes into

alignment with the slowly varying V9ice, direction (Fig. 11c)

coincides with a peak in shear generation (Fig. 11b) im-

mediately followed by an enhancement of Sb
2 (Fig. 11a).

Thus, the BR09 model is a plausible mechanism for the

episodic production of high shear under ice in the Arctic

shelf seas, which can remain stratified over large areas

even in winter, and may also be important in ice-free

conditions when higher shears are observed (Fig. 9a).

According to BR09, Sb
2 remains high until interfacial

friction dissipates the shear or is destroyed when Sb ro-

tates 1808 out of phase with ts (Fig. 11c). For the period

shown, our results indicate that the Sb
2 is rapidly de-

stroyed when the Sb rotates into 1808 misalignment with

ts, but asymmetry in many of Sb
2 peaks is evidence of

interfacial dissipation eroding the shear. Note that the

interfacial frictional dissipation is itself dependent on Sb
2

[Eq. (2)] and hence will be highest just after the ›tSb
2

peaks, which last on average 2–3 h (Fig. 11). The ›tSb
2

peaks (.1028 s23) are similar in duration to the episode

of enhanced pycnocline � observed in the NLS. The

proximity to the M2 critical latitude and presence of

a strong pycnocline implies that at the NLS site, as in the

CLS, strongly sheared clockwise-rotating M2 tidal cur-

rents dominate (Fig. 8e). Under these circumstances,

the BR09 shear spiking mechanism provides a plausible

explanation for the high-� event. Furthermore, if the

phase of NLS Sb is dominated by the M2 tide instead of

randomly phased inertial oscillations, then the timing of

the intense mixing episode implies that the pycnocline

shear vector leads the barotropic tide by about 4 h in

the NLS (see Fig. 8). Concurrent turbulence and ve-

locity observations will be needed to evaluate this

process.

FIG. 11. Time series of CLS data for four days in November 2006: (a) squared amplitude of

bulk shear (Sb
2, black line; scale at left) and amplitude of relative ice velocity (jV9icej; gray line;

scale at right); (b) rate of shear generation (›tSb
2), smoothed by a 2-h moving average; and (c)

direction of the bulk shear (black dots) and the direction of the relative ice velocity [gray line;

directions are given relative to north (08)]. The vertical dashed lines indicate the times at which

the bulk-shear vector is in alignment with the relative surface velocity.
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b. Impact of dissipation on Laptev Sea heat
and salt fluxes

The NLS observations were made slightly less than

halfway between the nearest neap and spring tides (Fig. 3b)

and as such may be viewed as representative of a near-

average state. Upward heat and salt fluxes associated with

the NLS BBL peaked at 4–8 W m22 and 0.5–1.5 3

1026 kg s21 m22, respectively, during periods of enhanced

�. These heat fluxes are smaller than the 15 W m22 near-

bottom heat flux that Fer et al. (2010) reported in the

West Spitsbergen Current as it flowed close to the con-

tinental shelf north of Svalbard. This spatial variability is

to be expected, because the tides and internal wave field

are known to be much stronger in the vicinity of the

Yermak Plateau and Svalbard than the NLS. Nonethe-

less, the NLS fluxes are considerably higher than the

#1 W m22 upward heat fluxes in the upper thermocline

reported by Lenn et al. (2009) only ;60–200 km to the

north of the NLS site. Furthermore, the NLS heat fluxes

are consistent with observations that show warming of

the Laptev Sea bottom water from heat lost from warm

AW encroaching onto the continental shelf (see Fig. 12

of Dmitrenko et al. 2010). This suggests that the trans-

formation of Atlantic Water flowing in the boundary

current, unexplained by offshore double-diffusive heat

fluxes (Lenn et al. 2009), may occur primarily on the

edge of the continental shelf seas. Our results highlight

the importance of inertial and tidal mixing on the

Arctic continental shelves and shelf–basin exchange

for Arctic Ocean hydrography predicted by Holloway

and Proshutinsky (2007).

Higher up in the water column, diapycnal heat fluxes

into the PML from below are ;54 W m22 during the in-

tense � event and ;2 W m22 during the remainder of the

observations. This gives an average upward heat flux of

;12 W m22 over the duration of the NLS observation

period. These fluxes compare well with observations in

the Barents Sea (Fer and Sundfjord 2007) and smaller

than the very large [O(300 W m22)] pycnocline heat

fluxes reported by Sirevaag and Fer (2009) for the shallow

(#80-m depth) Norwegian Bank region. Differences

between NLS and the Norwegian Bank result from a

combination of slightly higher Kz (1023–1022 W m22)

and stronger temperature stratification in the Norwegian

Bank region. As earlier studies show (Padman and Dillon

1991; D’Asaro and Morison 1992), pycnocline fluxes

over significant topography are considerably higher than

fluxes observed over the abyssal Arctic interior basins

(Rainville and Winsor 2008; Fer 2009).

NLS pycnocline salt fluxes peak at ;170 3 1026

kg m22 s21 compared with ;1 3 1026 kg m m22 s21

at other times, resulting in a time-averaged upward flux of

;30 3 1026 kg m23. The NLS pycnocline salt fluxes

compare very well with the Norwegian Bank pycnocline

salt fluxes (33 3 1026 kg m23) reported by Sirevaag and

Fer (2009) because, despite weaker Kz, the salinity strat-

ification is stronger across the NLS pycnocline. These

upward salt fluxes are associated with a net downward

freshwater flux from the PML into the halocline-class

shelf waters.

The Arctic heat and salt flux rates discussed here come

from short-term studies that do not necessarily resolve the

spring–neap cycle, much less the annual cycle. Certainly,

one expects spatial variability and temporal variability to

affect the comparisons between studies. However, the

results of this study clearly demonstrate how intermittent

high-� events, although short lived, can dominate water

mass transformations on the Arctic shelves. It is this very

intermittency in mixing events that makes observing them

and achieving good average estimates nontrivial.

6. Conclusions

In this study, we investigate intermittent diapycnal

mixing in the Laptev Sea continental shelf, using a rapidly

sampled 12-h time series of microstructure temperature,

conductivity, and shear observations made during October

2008 in the northern Laptev Sea under 100% ice cover.

This was complemented by moored ADCP observa-

tions taken in the central Laptev Sea from August 2005

to July 2006.

The rare NLS microstructure dataset, collected over

one semidiurnal period, allowed us to resolve the tem-

poral evolution of TKE � under ice (Fig. 5). Enhancement

in bottom boundary � (� ; 1024 W m23; Fig. 5a) beyond

background levels (� ; 1026 W m23) is observed up to

10 m above the seabed (Fig. 5a) for half of the semidiurnal

tidal cycle, in a manner consistent with the interaction of

the fluctuating tide with a mean on-slope current (Fig. 7).

The most striking feature in the � time series is an iso-

lated episode of exceptionally high � (Fig. 5a) and vertical

diffusivities (Fig. 5b) in the pycnocline that lasted for two

hours. This high � event could not be accounted for by any

localized wind-forced impulse in the surface stress. Rather,

regional CLS observations suggest that baroclinic tides

and inertial currents give rise to a rotating pycnocline shear

vector that is amplified on semidiurnal time scales fol-

lowing alignment with the under-ice surface stress. These

results are consistent with a mechanism proposed by BR09

for the generation of shear spikes that lead to episodic

mixing in wind-forced stratified midlatitude shelf seas.

Spectral analysis of the bulk shear in the CLS currents

further reveals that the availability of wind-driven inertial

shear is greatly enhanced in the absence of sea ice cover

(Figs. 9, 10). This implies that the shear spiking mechanism
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may drive mixing with much greater frequency and in-

tensity during the Arctic summer months as compared to

winter when the semidiurnal tides are the principle con-

tributors to the pycnocline shear.

In summary, we found that both intermittent pycno-

cline and tidally induced bottom boundary mixing occurs

in the Arctic shelf seas. Bottom boundary mixing drives

upward peak heat fluxes of ;4–8 W m22 that average

out to ;2 W m22 over the tidal cycle in the north Laptev

Sea. Consequently, continental shelf bottom boundary

mixing can more than double the rate of heat lost from

the AW by the primary process of double diffusion in the

nearby Arctic boundary current over deep water (Lenn

et al. 2009).

The intense mixing event observed in the Laptev Sea

pycnocline drove upward heat fluxes of ;54 W m22

when « was at a maximum (;2 W m22 at other times),

resulting in a 12-h average of ;12 W m22 fluxes, which

is comparable to Barents Sea observations (Fer and

Sundfjord 2007) and much higher than in the interior

Arctic Ocean (Rainville and Winsor 2008; Lenn et al.

2009; Fer 2009). This intermittent mixing event domi-

nated the total NLS pycnocline mixing observed over a

semidiurnal cycle occurring between the neap and spring

tides, resulting in heat lost from and corresponding

freshwater influx to the Arctic halocline. In addition to

modification of the halocline, the cross-pycnocline heat

fluxes provide heat to the PML, which has implications

for the oceanic ice-mass balance (e.g., Maykut and

Untersteiner 1971; Padman and Dillon 1987; McPhee

and Martinson 1994; Fer and Sundfjord 2007).

Our main conclusions are threefold. First, the shear-

enhancement mechanism proposed has relevance to the

Arctic shelves, and both winds and tides contribute to

mixing on the Arctic continental shelf seas. Second, Arctic

shelf sea mixing, although intermittent, can impact the

modification of Arctic water masses. Third, the availability

of inertial current shear to drive mixing in the Arctic shelf

seas strongly depends on the absence of sea ice. More

investigation is clearly required, not just on specific epi-

sodic mixing mechanisms but also on their frequency and

distribution under ice and particularly in ice-free con-

ditions, when our observations show higher pycnocline

shear conducive to more intense mixing. Future research

will be necessary to improve our understanding of the

nature of Arctic shelf sea mixing and exchange with the

Arctic interior and therefore to improve parameterization

of these subgrid-scale processes in the climate models.

Acknowledgments. This microstructure data were col-

lected under the U.K. Natural Environment Research

Council ASBO Arctic IPY Consortium Grant, with ad-

ditional support for the analysis provided by the NERC

Grants NE/F002432 and NE/H016007/1. The authors

thank their partners at IARC, Fairbanks, and the captain

and crew of the I/B Kapitan Dranitsyn. We acknowledge

Ben Powell for his essential technical support. This study

has been much improved by constructive feedback from

Laurie Padman and Ilker Fer.

REFERENCES

Aagaard, K., L. Coachman, and E. Carmack, 1981: On the halo-

cline of the Arctic Ocean. Deep-Sea Res., 28A, 529–545.

Abrahamsen, E. P., and Coauthors, 2008: Tracer-derived fresh-

water composition of the Siberian Continental Shelf following

the extreme Arctic summer of 2007. Geophys. Res. Lett., 36,
L07602, doi:10.1029/2009GL037341.

Burchard, H., and T. P. Rippeth, 2009: Generation of bulk shear

spikes in shallow stratified tidal seas. J. Phys. Oceanogr., 39,

969–985.

Cavalieri, D., C. Parkinson, P. Gloersen, and H. J. Zwally, 2008:

Sea-ice concentrations from Nimbus-7 SMMR and DMSP

SSM/I passive microwave data [August 2006–July 2007]. Na-

tional Snow and Ice Data Center, Boulder, CO, digital media.

[Available online at ftp://sidads.colorado.edu/pub/DATASETS/

seaice/polar-stereo/nasateam/final-gsfc/.]

Daae, K. L., I. Fer, and E. P. Abrahamsen, 2009: Mixing on the

continental slope of the southern Weddell Sea. J. Geophys.

Res., 114, C09018, doi:10.1029/2008JC005259.

D’Asaro, E. A., and J. H. Morison, 1992: Internal waves and mixing

in the Arctic Ocean. Deep-Sea Res. I, 39, S459–S484.

Dmitrenko, I. A., and Coauthors, 2010: Impact of the Arctic Ocean

Atlantic water layer on the Siberian shelf hydrography.

J. Geophys. Res., 115, C08010, doi:10.1029/2009JC006020.

Fer, I., 2009: Weak vertical diffusion allows maintenance of cold hal-

ocline in the central Arctic. Atmos. Oceanic Sci. Lett., 2, 148–152.

——, and A. Sundfjord, 2007: Observations of upper ocean bound-

ary layer dynamics in the marginal ice zone. J. Geophys. Res.,

112, C04012, doi:10.1029/2005JC003428.

——, R. Skogseth, and F. Geyer, 2010: Internal waves and mixing

in the marginal ice zone near the Yermak Plateau. J. Phys.

Oceanogr., 40, 1613–1630.

Furevik, T., and A. Foldvik, 1996: Stability at M2 critical latitude in

the Barents Sea. J. Geophys. Res., 101 (C4), 8823–8838.

Holloway, G., and A. Proshutinsky, 2007: Role of tides in Arctic

ocean/ice climate. J. Geophys. Res., 112, C04S06, doi:10.1029/

2006JC003643.

Itoh, M., E. Carmack, K. Shimada, F. McLaughlin, S. Nishino, and

S. Zimmerman, 2007: Formation and spreading of Eurasian

source oxygen-rich halocline water into the Canadian Basin in

the Arctic Ocean. Geophys. Res. Lett., 34, L08603, doi:10.1029/

2007GL029482.

Jakobsson, M., N. Cherkis, J. Woodward, B. Coakley, and R. Macnab,

2000: A new grid of Arctic bathymetry: A significant resource for

scientists and mapmakers. Eos, Trans. Amer. Geophys. Union,

81, 89–96.

Kelley, D. E., H. Fernando, A. Gargett, J. Tanny, and E. Oezsoy,

2003: The diffusive regime of double-diffusive convection.

Prog. Oceanogr., 56, 461–481.

Kowalik, Z., and A. Proshutinsky, 1994: The Arctic Ocean tides.

The Polar Oceans and Their Role in Shaping the Global

Environment, Geophys. Monogr., Vol. 85, Amer. Geophys.

Union, 137–158.

546 J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y VOLUME 41



Lenn, Y. D., and Coauthors, 2009: Vertical mixing at intermediate

depths in the arctic boundary current. Geophys. Res. Lett., 36,

L05601, doi:10.1029/2008GL036792.

Liu, P. C., 1994: Wavelet spectrum analysis and ocean wind waves.

Wavelets in Geophysics, E. Foufoula-Georgiou and P. Kumar,

Eds., Vol. 4, Academic Press, 151–166.

Mackinnon, J. A., and M. C. Gregg, 2005: Near-inertial waves on the

New England shelf: The role of evolving stratification, turbulent

dissipation, and bottom drag. J. Phys. Oceanogr., 35, 2408–2424.

Makinson, K., 2002: Modeling tidal current profiles and vertical

mixing beneath Filchner Ronne Ice Shelf, Antarctica. J. Phys.

Oceanogr., 32, 202–215.
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