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Observations of upper ocean boundary layer dynamics
in the marginal ice zone
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[1] Vertical profiles of turbulent kinetic energy dissipation and small-scale hydrography
were collected in the upper ocean boundary of both ice-covered and ice-free stations in the
marginal ice zone of the Barents Sea in spring 2005. Together with shipboard wind
measurements and current profiles, the mixed and mixing layer dynamics are studied.
During the survey, shear production by the stress at the surface or under the ice dominated.
Large upward turbulent heat fluxes ~300—500 W m ™2 were calculated for the mixing
layers overlying the warm Atlantic Water which compared well with those obtained from
an independent parameterization. At the top of the pycnocline, corresponding heat
fluxes were 10—20 W m 2. Significant stabilizing buoyancy fluxes were estimated for ice-
drift stations owing to the melting of ice in response to the large heat fluxes. The mean
dissipation profile in the ice-free reference station agreed with the constant-stress wall
layer scaling within 30%. On the contrary, the observed dissipation profiles were enhanced
in the upper half of under-ice mixing layer or within 2.5 times the assessed pressure-ridge

keel depth. Deeper in the mixing layer the profiles relaxed toward the wall scaling.

The variability of dissipation in the mixed layer was better captured by the shear
production profile when local friction speed was used together with a mixing length
profile modified by buoyancy fluxes. Significant correlations were found between
dissipation integrated over the mixing layer and work done by stress under the ice and the
wind work at 10 m height. The low correlation between the mixed layer depth and length
scale for neutral conditions significantly increased when the reduction in the mixing
length due to buoyancy fluxes was accounted for. The mixing depth is observed to be
strongly correlated with the outer neutral planetary length scale.
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1. Introduction

[2] Among the ice-covered Polar regions, the marginal
ice zones (MIZ) where ice concentration ranges from open
water to consolidated pack ice are the most physically and
biogeochemically active areas. Relying on the present
understanding of the air-sea-ice interaction and its parame-
terization, Smith and Niebauer [1993] conclude that the ice-
edge phytoplankton bloom cycle is primarily regulated by
vertical stratification whereas the spatial extent of the bloom
is controlled by the ice dynamics and the response to wind
forcing. Vertical mixing in the MIZ and the dynamics of the
surface and under-ice mixed layer will therefore have direct
influence on the food web and carbon cycle.

[3] The Barents Sea is a key region for water mass
modification [Pfirman et al., 1994]. This is manifested by
the observation that while a majority of the inflow to the
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Barents Sea from a transect between north of Norway and
Bjorneya is Atlantic Water (AW, hereinafter) with temper-
ature > 3 °C [Ingvaldsen et al., 2004], only 25% of the
Barents Sea water that enters the Arctic Ocean through a
section between Novaya Zemlya and Franz Joseph Land
(the main exit to the Artic Ocean) has temperature > 0 °C
[Schauer et al., 2002]. The MIZ in the Barents Sea is a
frontal zone caused by the interaction of cold-fresh melt-
water and this relatively warm and salty modified water of
Atlantic origin. The MIZ here is characterized by significant
biological production [Falk-Petersen et al., 2000] and large
biomass compared with the interior Arctic Ocean [Sakshaug,
2004]. In addition to the enhanced biological carbon cycling,
inorganic carbon fluxes can also be large, owing to increased
ability to dissolve and absorb CO, of the cooled through-
flowing AW [Kaltin et al., 2002].

[4] It is the purpose of this paper to report on observa-
tions of turbulence in the near-surface and under-ice mixed
layer of the MIZ in the Barents Sea, during early melting
conditions. The data set presented herein was collected from
the R/V Jan Mayen during the last of a series of multidis-
ciplinary cruises of the “Carbon flux and ecosystem feed
back in the northern Barents Sea in an era of climate
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Figure 1. Location map of the study site with place names
and occupied stations (A, B, C, and D) indicated by boxes
covering the approximate spatial extent of each drift. The
isobaths are 100, 200, 300, 500, 1000, and 2000 m.

change” (CABANERA) project as a joint effort of the
CABANERA and the Polar Ocean Climate Processes
(ProCLIM) projects. A more detailed description of the
hydrography, fine-scale, and turbulence characteristics com-
prising the surveys of both 2004 and 2005 is reported by
Sundfjord et al. [2007]. In the next section we give a brief
description of the measurements and survey. In section 3 we
summarize the observations of the environmental forcing and
upper mixed layer dynamics, and subsequently in section 4
we present and discuss our results. We examine the vertical
structure of the dissipation of turbulent kinetic energy, ¢, with
respect to constant-stress scaling (section 4.1), a local stress
scaling incorporating the effect of stabilizing buoyancy flux
(section 4.4), and a modified version of the law of the wall
(section 4.5). In section 4.2, we attempt to delineate the
influence of pressure ridge keels which might impose consi-
derable drag. Heat flux and vertical eddy diffusivity in the
upper ocean boundary (section 4.3), integrated dissipation in
the mixed layer (section 4.6) and the dependence of the
observed mixed and mixing layer depths to the wind stress
forcing and related parameters (section 4.7) are discussed.

[5] In this study, we employ a right-handed coordinate
system with the vertical positive upward. The day of the
year is given with the convention that day 0.5 is 1200 UTC
on 1 January 2005. Salinity is calculated using the practical
salinity scale. In order to facilitate reading we name the
stations A—D (section 2), which corresponds to stations
X1V, XVI, XVII, and XVIII, respectively, of the cruise log
and of Sundfjord et al. [2007].

2. Measurements

[6] Measurements of hydrography, fine-scale current pro-
files and temperature/shear microstructure were made dur-
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ing 18 May to 4 June 2005 in the MIZ around the Svalbard
Archipelago. The survey covered ice stations drifting north
of Svalbard at ~2000-m depth (Station A) in the northern
part of Hopen Deep (Station B) and near the Great Bank
(Station C). A reference station was occupied in ice-free
water (Station D) in Hopen Deep close to the Central Bank.
The stations are shown in Figure 1 and summarized in Table 1
(for a detailed description, see Sundfjord et al. [2007]).

[7] At stations, continuous current profiles were collected
and averaged every 5 min from the vessel-mounted 150-kHz
RD-Instruments ADCP at 4-m bins from 15 m to a last good
bin at ~ 250 m. Ship velocity derived from navigation is
representative of the ice velocity for drift stations. Wind
speed and direction were acquired by the ship weather station
every minute whereas the temperature sensor malfunctioned.
Ice cover percentage was assessed subjectively from the
vessel. Ice draft and pressure ridge keel depths were mea-
sured by divers using pressure gauges along multiple trans-
ects below the large main ice floe near which all the sampling
was done. The ice parameters given in Table 1 are represen-
tative of the stations although we cannot assess the degree of
local variability.

[8] The microstructure data were collected at 1024 Hz
using a loosely tethered free fall MSS profiler [ Prandke and
Stips, 1998] equipped with airfoil shear probes and fast
response conductivity and temperature (FP07) sensors. The
profiler comprises an acceleration sensor and conventional
CTD sensors for precision measurements. Microstructure
data are processed as described by Fer [2006]. The dissi-
pation rate of turbulent kinetic energy per unit mass, € in
units W kg ™', is calculated using the isotropic relation ¢ =
7.5 (u2), where v is the viscosity of seawater (within 1.6—
1.9 x 107° m? s™' for the recorded range of temperatures
—1.8 to 5 °C), u, is the shear of the horizontal small-scale
velocity, and angle brackets denote appropriate averaging.
The instrument fall speed (0.7—0.8 m's™ ') is used to convert
from frequency domain to vertical wavenumber domain
using Taylor’s hypothesis, and the shear variance is
obtained by iteratively integrating the reliably resolved
portion of the shear wavenumber spectrum of half-
overlapping 1-s segments. Narrowband noise peaks induced
by the probe guard cage are above the wavenumber

Table 1. Summary of Occupied Stations®

Station A Station B Station C Station D
Latitude, start, °N 81°07.6'  77°08.4  77°25.7  75°40.5
Longitude, start, °E 16° 19.0' 29° 56.7' 41° 02.8' 31° 47.8
Start time, DOY 139.2 144.2 147.0 149.9
Duration, hours 26.7 433 36.9 44.5
Bottom depth, m 2000 200 220 340
Ice cover, I, % 50 80-90 60-70 0
Ice thickness, h;, m 1.0 09-1.1 3.0-3.2 0
Keel depth, hyee, m 4.8-6.3 4.7 3.7-4.0 0
Ugo, M S ! 0.023 0.017 0.015 0.02
0, °C —0.80 —1.31 —1.76 3.12
S 34.20 34.19 3431 35.09
MSS sets 7 5 11 5
Total MSS profiles 21 13 32 15

“Time is given as day of year (DOY) in 2005 with 1200 UTC on 1
January equal to 0.5. Duration is the time between the first and last
microstructure profiler (MSS) cast for each station. Bottom depth recorded
by the ship echo sounder and estimated friction speed are averaged over the
duration of the station. Potential temperature and salinity are averages over
the mixed layer depth over the ensemble of MSS sets.

2 0f 16



C04012

East (km) East (km)
10 -10 -5 0 5 10 -30 -20 -10 0
gt 10
5 a) A 4 | W
— a —
£ / » Nis E
< 0t \ =
S S
S s
d 1-10
ol b) B §
. L -15
2 T 2
) d)D
£t 2 19 €
=3 u =3
£ 4 / <
2 6 =" 12 2
8
-10 : : : : — -4
-20 -10 0 -4 -2 0
East (km) East (km)

Figure 2. (a—d) Progressive vector diagrams derived from
12-hour smoothed ship velocity (black lines, representative
of the ice drift in Figure 2a—2c¢) and depth-averaged current
(thick gray lines). Solid circles are placed at 6-hour
intervals; the solid squares are placed at the mean time of
each microstructure profiler (MSS) set. The diagrams cover
the durations identified in Figure 3, except that Figure 2d
terminates ~24 hours before the last MSS set. The depth-
averaged current in Figure 2c is enlarged in a box of 4 km x
2.5 km to show the near-inertial period loops.

range chosen for the analysis. Typical commonly accepted
uncertainty in € measurements is a factor of two [Moum et
al., 1995]. Dissipation data in the upper 5—-8 m are
unreliable owing to contamination of the ship’s wake as
well as the initial adjustment to the free fall. The profiles of
precision CTD (corrected against available SeaBird CTD
profiles) and ¢ are produced as 10-cm and 50-cm vertical
averages, respectively. Typically, a sequence of three micro-
structure profiles (set hereafter) was acquired every 3—6 hours
over typical station duration of 26—45 hours (Table 1). The
collection of each set typically lasted 0.5—1 hours. A set
ensemble of 50-cm vertical-bin-averaged dissipation profiles
thus consists of six data points when both shear probes
acquired acceptable data.

3. Observations

[s] Station A, north of Svalbard, is located where the
continental slope branch of warm and relatively salty AW
transported by the West Spitsbergen Current enters the
Arctic. The West Spitsbergen Current is observed to split
into multiple branches in the Fram Strait [Quadfasel et al.,
1987], and the part that flows along the Svalbard continental
slope and crosses the Yermak Plateau is possibly the strongest
[Bourke et al., 1988]. The reader is also referred to relevant
papers of dedicated surveys on turbulent mixing during an
ice drift in the Yermak Plateau where measurements
revealed upward oceanic heat fluxes reaching 30 W m >
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owing to energetic mixing events as a result of proximity
to internal wave sources [Padman and Dillon, 1991;
Wijesekera et al., 1993].

[10] Over the duration of drift A, initially southward and
then westward, the depth-averaged currents were toward
northeast (Figure 2a). The average temperature of = —0.8 °C
in the under-ice mixed layer was significantly above the
freezing point for the observed salinity at atmospheric
pressure Ty (S = 34.2, P = 0) of —1.88 °C. This is owing
to the upward vertical heat flux from the underlying warm
AW (quantified later in section 4.3). For similar mixed layer
values of S, the average 6 in the interior Barents Sea was
significantly lower, emphasizing the strong heat loss AW
encounters en route through the shallow Barents Sea
(section 1). Particularly toward the east of the Great Bank,
the temperature in the under-ice mixed layer was close to
the freezing point with negligible warming, hence contri-
bution to melting, from AW.

[11] The along-track observations of wind forcing together
with upper 50-m potential temperature, ¢, and dissipation,
€, are shown as a time series in Figure 3. The instantaneous
wind speed (Figure 3a, shaded crosses) reached strong gale
scale (20.8-24.4 m s ') both during stations B and D,
forcing interruption of MSS sampling. Both the magnitude
and direction of wind velocity at B were highly variable.
The energy flux at 10 m height, E;y = 7U;o where 7 is the
wind stress and Uy is the wind speed at 10 m, was largest
at A (6.3+2.3 Wm %) and lowest at C (1.2 + 1.5 Wm ?)
when averaged (+ one standard deviation) over the duration
of the station. The wind stress, 7 = gaCDU%O, is calculated
using air density p, = 1.25 kg m™~ and drag coefficient
Cp = 2.7 x 1072 (section 4.1). The influence of the large
energy flux at B is clearly seen on the ship (ice drift) and
depth-averaged water velocity progressive vector diagrams
(Figure 2b). During relatively calm C, the wind direction was
also stable (Figure 3a) and the ice drift was at ~20° to the
right of the northeasterly wind. The nearly stationary semi-
diurnal loops of the depth-averaged current at C (Figure 2¢)
indicate very little net transport during the ice station time. At
open water station D the vessel followed a set of drifting
sediment traps, so that the vessel drift was representative of
the mean water current of the upper ~50 m and not the true
surface current speed.

[12] The surface mixed layer is often defined as the upper
layer of the ocean with quasi-homogeneous potential den-
sity above the pycnocline. Its thickness, referred to as mixed
layer depth Djhixeq, 18 most commonly determined by
various threshold methods as the depth where a property
(e.g., density, temperature, or their vertical gradients) first
exceeds a prescribed threshold. Resulting estimates of
Dmixea are often sensitive to the choice of method and
thresholds and sometimes do not agree with what the
“eye” would pick, and require manual corrections. Relative
performance of various methods was reported by Thomson
and Fine [2003] who also proposed a split-and-merge
method to determine Diceq. In this study we adopt an
improved version of the split-and-merge method (R. Thomson,
personal communication, 2005), which includes an addi-
tional run of the split-and-merge procedure using a lower
boundary depth determined by the first run. The sensitivity
of the result to the initial choice of parameters is greatly
reduced. In our data set, credible mixed layer depths for
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