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a b s t r a c t

Mooring observation of hydrography, hydrodynamics and suspended particles distribution under a
drifting sea ice revealed the mixing and entrainment pattern in the upper mixed layer (ML) of the
marginal ice zone. The ice floe where the mooring system was installed drifted as near-inertial motion
with approximately 12-h cycle. The mixing pattern induced by this near-inertial drift can be divided into
two distinct regimes. First, simple entrainment (upward) fluxes from the seasonal pycnocline to sea ice–
water boundary are induced by shear across ML and seasonal pycnocline during the period when ice
floes drift toward pack ice. The entrainment speed was in the range of 0.25–2 m h�1, which matches
well with thickening and thinning of the ML during a near-inertial period. Turbulent wakes on the
boundary between sea ice and open water occurred behind the advancing edge of ice. In the second
regime, when ice floes drift toward open ocean, the turbulent wakes at the advancing edge of ice are
combined with the entrainment caused by near-inertial motion, which results in a complex mixing
pattern of both upward and downward fluxes in the ML. The echo intensity observed by the acoustic
Doppler current profiler and beam attenuation from transmissometer revealed the elevated concentra-
tion of suspended particulate materials in the ML, which can be direct evidence visualizing the mixing
pattern. Results suggest that the mixing and entrainment found in our study sustain particulate matters
in suspension within upper ML for a few months. This may provide a potential mechanism to sustain
abundant organic particulates in the ML and upper pycnocline for months after under-ice bloom. Under
strong wind events like storms, the entrainment induced by near-inertial motion may also get enhanced,
which causes elevated supply of nutrients from the deeper, permanent pycnocline to the ML.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The central part of the Arctic Ocean is known to be strongly
stratified during most of seasons, in particular, even stronger
during spring and summer when meltwater is supplied from sea
ice (Aagaard et al., 1981; Carmack and Melling, 2011). It forms an
upper mixed layer (ML) with a thickness of 20�100 m (e.g., Rudels
et al., 1996) overlying a strong pycnocline. The primary production
in the ML of the Arctic Ocean is usually limited by nutrients,
especially nitrogen supply, once sufficient light penetrates to the

ML during early period of ice melting seasons (Lee and Whitledge,
2005; Tremblay et al., 2006, 2008; Lee et al., 2010, 2012;
Wassmann and Reigstad, 2011; Popova et al., 2010, 2012, 2013).
There are two main mechanisms supplying such nutrients to the
ML of the Arctic Ocean: (1) horizontal advection of nutrient-rich
seawater, mostly through Pacific and Atlantic inflows (Popova et
al., 2012); and (2) vertical mixing caused by winter mixing
(Reissmann et al., 2009), severe storms and internal waves eroding
the pycnocline (McPhee et al., 2005), wind-driven upwellings near
shelf breaks and sea-ice edges (Williams and Carmack, 2008;
Mundy et al., 2009; Arrigo et al., 2012), and the turbulence wake
following after passage of mesoscale eddies (Smith and Niebauer,
1993). In the central part of Arctic Ocean, where there exists less
chances of lateral inflow, nutrients in the ML can be supplied
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mostly from layers below the pycnocline through such vertical
mixing processes. Studies have shown that the dynamics of the
vertical mixing directly influences on the primary production in
the ML (Tremblay et al., 2006, 2008; Fer and Sundfjord, 2007).
Recent intercomparison study of biophysical models also shows
that the vertical mixing is one of the most fundamental factors
controlling primary production in the Arctic Ocean given that sea
ice concentration and thickness are similar among the models
(Popova et al., 2012).

The ML is usually maintained in a turbulent state by surface
wind stress and/or thermal convection. The turbulence of the ML
diffuses into the underlying dense homogeneous layer, resulting in
the erosion of the underlying stratification via so-called entrain-
ment (Kato and Phillips, 1969; Kranenburg, 1984; Narimousa et al.,
1986; Strang and Fernando, 2001; Nagai et al., 2005). This shear-
induced entrainment mechanism drives the transport of momen-
tum, heat and materials such as salinity and nutrients between the
upper ML and lower pycnocline layer (Reissmann et al., 2009).
Numerous studies show that velocity shear between the upper ML
and pycnocline results in entrainment of heat and salt from below
the ML in Arctic Ocean (McPhee et al., 1987; McPhee and Stanton,
1996; Skyllingstad and Denbo, 2001; Skyllingstad et al., 2003).
Extensive observation and model results from Surface Heat Budget
of the Arctic (SHEBA) program revealed that a significant portion
(ca. 20%) of ocean-to-ice heat flux was supplied by the heat
entrained from layers below the pycnocline (Holland, 2003;
McPhee et al., 2005; Shaw et al., 2009). Recently, Toole et al.
(2010) confirmed the importance of heat entrainment into the ML
and its impacts on the variation of thermohaline stratification in
the central Arctic Ocean. Most of studies have stressed on moment
and heat fluxes, but very few studies have been focusing on the
material transport including nutrients and organic/inorganic par-
ticulate materials via entrainment.

The marginal ice zone (MIZ), the boundary between sea ice and
open water, is the most active area in both physical and biogeo-
chemical aspects (Smith and Nelson, 1985, 1986; Morison et al.,
1987; Mundy et al., 2009). Arrigo et al. (2012) reported massive
phytoplankton bloom under sea ice in the Arctic MIZ during 2011

summer. Their results showed that the particulate organic carbon
(POC) concentration was fourfold greater in the pack ice region
than in open water. They argued that nutrient upwelling to
support this under-ice blooming was driven by easterly winds.
However, it is rather counter-intuitive how surface wind-driven
upwelling would occur in the area covered by more than 90% of
thick ice. If it were not the wind-driven upwelling, then what
would be the main driver for the vertical supply of nutrients in the
pack ice area of the Arctic Ocean?

In this study, we propose new plausible explanation for this
question. For this, we provide visual evidence that shear induced
by near-inertial sea ice drift would trigger the vertical mixing and
entrainment processes. We present one-day mooring data
observed at the sea ice station moving along and several stationary
measurements on a 550-km long transect, where vertical varia-
bility of physical and biogeochemical properties was measured.
Based on the analysis of these data, we will show the direct and
indirect evidences of the entrainment processes, and how they
evolve over the inertial period. The entrainment speed is esti-
mated by applying an empirical relationship between entrainment
rate and Richardson number. Then, the impact of this entrainment
on physical and biogeochemical processes under the ice will be
discussed at the end.

2. Data collection and analysis

International Research Team led by Korea Polar Research Insti-
tute (KOPRI) conducted Arctic Ocean Research Expedition (Cruise
leg: ARA02B) using IBRV Araon. The expedition covered deeper part
of Chukchi Sea including Chukchi Plateau during July 31�August
20, 2011 (Fig. 1). At each hydrographic station, the castings of
conductivity-temperature-depth (CTD) (SeaBird, SBE 911plus) sys-
tem with additional probes (e.g., transmissometer, fluorometer,
oxygen sensor, etc.) were conducted to measure the profiles of
temperature, salinity, and other biochemical parameters.

Water samples for chlorophyll a (Chl-a) and nutrient concen-
trations were collected from standard depths (0, 10, 20, 30, 50, 80,
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Fig. 1. Study area with bathymetry (in meter) overlain on the sea ice concentration on August 7, 2011 (Cavalieri et al., 2011). Numbers indicate the station numbers. The star
indicates the initial position of sea ice experiment site.
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100, and 150 m) using a Rosette sampler equipped with twenty
10-l-Niskin bottles at each CTD station. Water subsamples
(0.3�0.5 l) for measuring Chl-a concentration were filtered onto
Whatman GF/F filters (diameter: 24 mm). The filters were kept
frozen until onboard analysis using a Trilogy fluorometer (Turner
Designs Inc.) which had been calibrated with commercially pur-
ified Chl-a preparations. The methods and calculations for Chl-a
were based on Parsons et al. (1984). Major dissolved inorganic
nutrients (nitriteþnitrate, silicate, and phosphate) were analyzed
onboard using a Bran and Luebbe model Quatro auto analyzer
(SEAL Analytical, UK), according to the manufacturer's manual.

For monitoring the dynamic motions of sea ice and water in the
ice-ocean boundary (i.e., upper ML), a tripod was installed on the
surface of sea ice station (St. 5 in Fig. 1). An ice hole was made on
the ice floe, which was located several hundred meters away from
the ice floe edge. An acoustic Doppler current profiler (ADCP)
(Teledyne RDI, 600 kHz) was mounted on the tip of vertical
extension arm of a tripod at 3.6-m depth below the water surface.
The orientation of ADCP was fixed with respect to the ice floe, and
thus when the floe rotated the ADCP rotated the same amount.
However, the current velocities were measured as earth-
coordinate by using internal compass in the ADCP. The ping rate
was 1 Hz, and 1-min ensemble average was continuously
recorded. ADCP data were collected every 1 min, and the data
were post-processed by using WinADCPs provided by Teledyne
RDI. All the data were low-pass filtered with 1-h window, and
these filtered data were used for further analyses including
estimating friction velocity. In addition, the current velocities were
converted from the ones relative to ice (relative velocity hereafter)
to the absolute velocity by adding ice velocity (see Ha et al.
(unpublished data) for details). ADCP data collection started on
08:45 GMT, August 7 and ended at 07:32, August 8, 2011, covering
slightly less than 24 h. Right next to the ADCP location, a total of
8 CTD casts were conducted between 18:20, August 7 and 06:30,
August 8, 2011 with every 2-h interval. Due to in-situ undesirable
conditions, unfortunately, the CTD casting had not been conducted
during the first 9.5 h.

A Sea Ice Mass Balance Array (SIMBA; SAMS, 2010) was also
installed near the tripod where the ADCP was installed. A SIMBA
consists of a thermistor string (about 5-m long), a Global Position-
ing System (GPS) and Iridium transmitter and receiver. Ha et al.
(unpublished data) described the details of this sea ice
experiment.

3. Results

3.1. Hydrographic characteristics of the study region

The hydrography in the study area (Chukchi Borderland/Chuk-
chi Shelf) is characterized by four distinct water masses: (1) Surface
mixed layer water (SMLW); (2) Pacific summer water (PSW);
(3) Pacific winter water (PWW); and (4) Atlantic water (AW) from
top to the bottom. SMLW has the lowest salinity (down to about
25 psu) due to the sea ice melting and lateral freshwater input
(Fig. 2). PSW is relatively warmer and fresher water mass, but
saltier than SMLW. Its salinity is in the range of 30�32 psu, and
temperature is around �1.5 to 0.2 1C (Fig. 2). PWW, a layer of
relatively fresh (i.e., buoyant), cold water, lies immediately above
the AW with the highest temperature and salinity. PWW plays a
role in shielding the exchange of heat flux between overlying PSW
and underlying AW. In this study, we focus on SMLW and PSW
mostly.

The vertical profiles measured from ship-operated CTD castings
are selectively presented in Fig. 2. The surface salinity and density
were as low as 26.2 psu and 1021 kg m�3, which is attributed to

the summer melt of sea ice. The near-surface temperature was
slightly higher than the freezing temperature, and the maximum
was recorded at a depth of 30�50 m. For instance, the warmest
water (0.2 1C) was found at 44 m.

The upper layer above 5�10 m was isolated due to a strong
pycnocline, the thickness of which ranges up and down among
stations. At this juncture, it should be noted that the three stations
are geographically close to each other (approximately 1 km apart),
and �6 h time span between St. 5-1 and 5-2 and �1 h between St.
5-2 and 5-3. Further below this strong pycnocline, the second
pycnocline was observed around 30�40 m where the top of the
maximum temperature layer was placed (Fig. 2). A lateral transect
along the 78 1N, the second pycnocline was deeper in the east of
the transect and became shallower up to �20 m toward the
western end (Fig. 3a). The warmest water mass existed in the
eastern flank of Chukchi Plateau, and the maximum temperature
(40 1C) was found at about 50 m below the second pycnocline
(Fig. 3a). The signal of warm temperature gradually diminished
toward the west. The low-density (o1023 kg m�3) water pro-
duced by sea ice melting was developed on the eastern section,
which is the MIZ.

The elevated fluorescence signals were observed at depths of
40�50 m on most of stations, coincident with upper part of lower
pycnocline (Figs. 2 and 3). This fluorescence signal was correlated
well with the distribution of Chl-a, which is so-called subsurface
chlorophyll maximum (SCM) and will be discussed in detail later.
Its depth also matched well with the peak of beam attenuation
(Figs. 2 and 3f), probably because most of suspended materials are
composed of the biogenic matters such as phytoplankton. In
addition to SCM depth, second or third peaks were also observed
in the beam attenuation. Those peaks were generally located in the
ML (i.e., around the shallower pycnocline and above), which
sometimes showed even stronger signal than SCM peak (e.g., St.
11 in Fig. 3f).

Fig. 3 shows the summary of physical and biogeochemical
conditions along the transect that includes the ice station in the
eastern end (see Fig. 1 for the location of the transect). In general,
Chl-a concentration was low (o0.1 μg l�1) throughout the water
column except the SCM layer which was ubiquitously formed at a
depth between 25 and 50 m (Fig. 3b). Chl-a concentration at the
SCM ranged from 0.4 to 0.9 μg l�1, with an average of 0.6 μg l�1.
The major nutrient concentrations were very low at the surface ML
between surface and about 30-m depth, and then rapidly
increased down to the depth with maximum concentration
(Figs. 3c–e). The concentration of NO2þNO3 ranged from 0 to
16.1 mM within the euphotic layer (o100 m), and mostly depleted
in the upper ML (o30 m; Fig. 3c). The concentrations of SiO2 and
PO4 were in the ranges of 3.0�30.8 mM and 0.6�2.1 mM, respec-
tively (Figs. 3d and e).

3.2. Measurements on the ice station

Since we aimed at the MIZ, our cruise started from the Chukchi
Shelf toward the north until we found ice packs that are suitable
for the observation platform (Fig. 1). It was over 90% of ice covered
in the area where we installed the ADCP mooring. The low salinity
in the ML indicates that ice melting is active in this region (Fig. 2).
Fig. 4 shows the velocities estimated by the ADCP installed on the
ice floe, which were relative velocity to the platform before post-
processing. North–South (N–S) and East–West (E–W) components
of velocities exhibited a distinct temporal variability of �12-h
cycle caused by the near-inertial motion of sea ice. An interesting
feature in the velocity structure is vertical variability, whereby a
strong velocity shear was observed at �12 m below the surface
(Figs. 4 and 5). Surface currents relative to sea ice were quite slow,
and got stronger below the shear layer. For instance, the velocities
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at the near-surface (5.1-m depth; 4th bin) and below the shear
layer (13.9-m depth; 48th bin) showed the clear difference in the
current pattern between surface and deeper layers (Fig. 4c and d).
When the current pattern in the deeper layer is compared with the
velocity derived by ice drift of SIMBA (Figs. 4d and 6a), one may
note that the currents observed in the deeper layer were opposite
to the ice drift velocities, while the magnitudes of those two were
very similar. In addition, the currents relative to the ice drift were
almost zero in the layer close to ice–water boundary (Fig. 4c).
Another characteristic feature is that the magnitudes of both N–S
and E–W components became smaller toward the ending period
of observation (Figs. 4c and 4d).

Strong shear between the upper and lower layer in N–S and
E–W components also indicates that the direction of the relative
currents varies vertically. For instance, the surface current at 12 h
(‘hr’ represents elapsed hours after 00:00 GMT, August 7 hereafter)
was directed to N in the upper layer but toward NE in the deeper
layer, showing counterclockwise rotation with depth (Figs. 5a and b).
This change in speed and direction occurred around 12-m depth

during most of the observation period (Figs. 5c and d). However, the
depth of shear boundary in the upper and lower layers also became
shallower toward the ending period of the near-inertial oscillation, e.
g., during 12�14 h and 25�28 h (Figs. 4a and b).

Fig. 6 shows the drift velocity of sea ice estimated from SIMBA
(Fig. 6a) and the acoustic echo intensity (Fig. 6b). The ice floe was
drifted with the maximum speed of 0.33 m s�1. The first order
signal was near-inertial drift with 12-h cycle, with acceleration
phase in drift speed during 9�14 h and 20.5�27 h and decelerat-
ing drift speed during 14�20.5 h and 27�32.5 h (black solid line
in Fig. 6a). As expected, the drift was clockwise changing from W-,
N-, E-, and then to S-ward direction, which is a typical sign of near-
inertial drift in northern hemisphere. The background ocean
current was directed to the NE, so that the N and E components
of ice drift velocity were larger than the S and W components
(Fig. 6a).

Echo intensity, as a proxy for suspended materials (see Ha et al.,
unpublished data), shows similar trends of 12-h variability but a
bit more complicated (Figs. 6b and 7). During the period when the
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drift velocity increased (i.e., 9–14 h), the elevated echo intensity
was observed throughout the entire water column (Figs. 6b and
7a). During the first 3 h of observation (9�12 h), the layer with
high echo intensity exhibited a complex fluctuation pattern in
both upward and downward movement with the time. For
instance, a layer detected at 7.5 m at 9 h was relatively stable for
an hour, and then lowered to 9 m until 11 h with a high-frequency
fluctuation (a few to tens of minutes). On the contrary, a layer with

elevated echo intensity detected near 13 m at 9.5 h moved upward
to 11 m at 11.5 h, and was eventually crossed with the downward
signals around 11.5 h (Figs. 6b and 7a). After 11.75 h, upward
movements of the higher echo signal layer were detected in the
upper part of the ML. There exists wave signal of �5 m wave
height (e.g., between 7 and 12-m depth) and 20�30 min of
wavelength during 11.5�13.5 h, which may indicate the presence
of internal waves. High-frequency internal waves were also active
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at 6-, 10-, and 12-m depth during 14�15.5 h (Fig. 6b). This
complicated mixing pattern of elevated suspended materials,
which is caused by the upward and downward fluxes and active
internal waves, occurred while ice was being drifted toward NW
and N directions (Fig. 7a).

During 14�16 h when the ice drift speed reached the max-
imum, water masses with relatively lower concentration of sus-
pended materials were observed at 11-m depth and below (Figs. 6b
and 7b). This layer moved upward to 7-m depth until 18 h. In
addition, another upward movement of relatively higher intensity
layers was observed from 13- to 6-m depths during 16�20 h
(Fig. 6b). These upward fluxes were accompanied by high-
frequency internal waves, but the signal strength was relatively
lower compared to the period when complicated fluxes occurred.
This clear upward flux happened during the period when ice floe
was being drifted toward NE, E, and then SE (Figs. 7a and 7b).

During 21�31.5 h of the second near-inertial drift period,
similar vertical flux pattern was observed in the echo intensity.
For 21�25 h, the complicated upward and downward fluxes were
present, followed by stable layers with high intensity of internal
wave signal (Figs. 6b and 7a). Then, relatively weak echo intensity
layer was observed at 10-m depth and below (28�29 h), which
migrated upward for the next several hours.

The 3-D plots in Fig. 7 show the spatial and temporal relation-
ship between ice drift and echo intensity, with respect to the
difference between the first and second half of the near-inertial

period. For the first half (9�14 h and 21�26 h) of near-inertial
drift circle, when the ice floe was drifted toward W and NW,
higher echo intensity was detected. During this period, the mixing
was dominated within most of the ML (Fig. 7a). On the other hand,
the echo intensity was relatively lower, and a clear upward flux
was observed during the second half (14�20 h and 26�30 h) of
near-inertial drift circle (Fig. 7b). It is noticed that high frequency
internal waves were more active during the period when the ice
floe was drifted toward the north with a maximum speed.

The temporal variability of hydrographic structure is shown in
Figs. 6c and d. A strong halocline was found around 12 m, which
fluctuated over time. Its depth was the shallowest at 12 h when the
ice drift speed was relatively small. The pycnocline became deeper by
�1 m during acceleration period of the near-inertial period and
bounced back to similar depth after 12-h cycle. More details in
vertical structure before and during the ice station can be seen in
Fig. 8. Within top 20-m water column, the temperature maximum
was observed at a depth of 13�15 m. The pycnocline was abruptly
lifted up to 6-m depth on 7.4 h before 00:00 GMT, August 7 which
was from ship-casted CTD before the installment of ice station
(Fig. 8). One may concern about the effect of stirring caused by the
ship on the structure of the upper water column. However, hydro-
graphy data from the uppermost layer (o5 m deep) of the three
ship-casted CTD profiles (�12.7, �7.4 and �6.3 h) are reasonably
consistent with those of ice station CTD data, and the most noticeable
difference of temperature and salinity occurred at 5�12 m depth.
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Thus, we concluded that this is not influenced by the ship stirring or
any artifact of sampling methodology.

4. Discussion

4.1. Mixing and entrainment mechanism associated
with near-inertial motion

Two distinct pycnoclines were recognized in our transect: one
being at �10m and the other around 30�40-m depth (Figs. 2 and 3).
The upper one can be regarded as seasonal pycnocline that is
closely related to ice melting. A stronger mixing stirs water

column above this pycnocline, which destratifies water in the
ML. Below the seasonal pycnocline, the water column is stably
stratified with abrupt increase in both salinity and temperature
around 30�40-m depth. This lower pycnocline is the upper bound
of warmer water mass with high nutrients (nitrate in particular),
and elevated concentration of Chl-a (see Fig. 3). Higher tempera-
ture and relatively lower salinity (30�32 psu), in spite of salinity
being higher than that in the upper ML, indicates that this water is
originated from the Pacific, and that the lower pycnocline is
thought to be a permanent pycnocline. Since we focus on the
processes in the upper ML, the pycnocline we refer in this paper
without any explanation would be upper, seasonal pycnocline
hereafter.
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The ice drift and currents during our observation periods are
strongly driven by near-inertial motion. Many studies reported
observation of near-inertial drift of ice floes and its impact on
mixing in the ML (e.g., McPhee, 1978, 1980; Morison et al., 1987;
McPhee, 1992), so it is not completely unexpected phenomenon in
the central Arctic Ocean. A strong wind event (415 m s�1) was
observed 3 days before ice station experiment (not shown here),
which might have triggered the near-inertial motion. This implies
that the ice experiment period occurred during the relaxation
period, that is probably why the magnitude of inertial speed of ice
decreases gradually (Fig. 6a). Vertical shear near the upper
pycnocline is associated with stronger currents in the upper ML
and slower flows below the pycnocline (Figs. 4 and 5). This
indicates that the movement of the upper ML is synchronized
with the movement ice floes, a similar condition in an ice-slab
model with higher drag coefficient between ice and water (e.g.,
Skyllingstad and Denbo, 2001).

Another characteristic feature is the counterclockwise or clock-
wise rotation of the relative (corrected) currents with depth,
which would be a clear signal of Ekman spiral (e.g., McPhee and
Martinson, 1994). The comparison between velocity structure and
hydrography for the second half of observation period suggests
that the depth where velocity shear occurs coincides with that
where the counterclockwise rotation starts (see Fig. 5). This

implies that the speed and direction of currents significantly
change across this pycnocline. During the early stage of observa-
tion (12�14 h), this boundary of velocity shear and rotation
moved up from 12- to 6-m depth (Figs. 4a and 5a), which may
indicate the uplift of the pycnocline and the thinning of the ML.
Although no ice-based CTD data are available during that period,
ship-board CTD data at approximately 12 h before the ice station
(e.g., St. 5-2 and 5-3) showed that the pycnocline was located
around 5-m depth (Fig. 8), supporting our findings.

Vertical and temporal variability in echo intensity reveals two
distinct mixing processes in the ML during a cycle of near-inertial
ice drift. First, particulate materials were transported gradually
upward from the seasonal pycnocline (�12–14-m depth) to the
upper ML (�6-m depth) in a few hours (Fig. 6). This phenomenon
was observed during a waning period of near-inertial ice drift
speed, i.e., the second half of drift circles (Figs. 6 and 7). During
this period, ice floe drifted toward NE or E. The TerraSAR-X
ScanSAR image taken a day before our observation shows that
the edge of ice packs are aligned NW–SE direction, with open lead
located in the SW of ice packs. NE/E movement of ice indicates that
the ice floe with our mooring is moving toward ice pack areas
from open water, and thus our observation data represent the
mixing regime of leading edge of ice floe. Using a Large Eddy
Simulation (LES), Skyllingstad and Denbo (2001) demonstrated
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how the leading edge of ice floe generates mixing in the ML, which
causes vertical entrainment of water from the pycnocline. It is
however noted that their ice motion was even half time slower
than what observed in this experiment, so we can expect more
effective entrainment in our case (Fer and Sundfjord, 2007).

The other type of vertical mixing exhibits more complicated
pattern of upward and downward fluxes of suspended materials
(e.g., 10�16 h in Fig. 6). This phenomenon is typically observed
during the first half of near-inertial drift (Figs. 6 and 7). This period
represents the acceleration phase in near-inertial cycle, when ice
drifted to W/NW. As the advancing edge of ice pack faces open
water, representing trailing edge of ice pack on our observation
station. Also, during the beginning part of the near-inertial circle,
the ice floe returned to the same area where the ice floe stayed
during the second half of the previous cycle (see Fig. 7). This

indicates that complicated mixing pattern might be associated
with the combined dynamics of both the advancing and trailing
edges of the ice floe. The difference between two mixing patterns,
entrainment vs. turbulent mixing, is clearly seen during 18�24 h
in Figs. 6 and 7. Although the observation station covers almost
the same track between 18�21 h and 21�24 h in less than 1 km
apart, the mixing pattern between these two periods is signifi-
cantly different whereby a simple, clear upward fluxes during
18�21 h vs. both upward and downward fluxes during 21�24 h.

Schematic diagrams shown in Fig. 9 illustrate the oscillatory
feature of mixing and entrainment patterns. When an ice floe
drifts toward ice pack (i.e., leading edge of ice), the shear across
the pycnocline increases which generates entrainment from the
pycnocline below (Fig. 9a). Turbulent wakes are generated behind
the advancing ice edge. Thus, our observation only captured steady
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upward fluxes due to the entrainment. Continuous entrainment
may result in thickening the ML, which was confirmed by the
vertical profiles of CTD data. On the other hand, when an ice floe
moves toward open waters, turbulent mixing generated at the
advancing ice edge is combined with upward fluxes due to
entrainment by shear (Fig. 9b). In our cases, this mixing period
was also overlapped with the remnant entrainment fluxes in the
previous inertial oscillation (i.e., in the overlapped circle during
18�24 h in Fig. 7). In addition, the leading edge would experience
less drag than the opposite case because the strength of the
stabilizing influence depends on the temperature difference across
the boundary layer and advancing ice cools the water behind it
(McPhee, 1983). This may augment the asymmetric pattern of
mixing during inertial oscillation near the ice edge.

Entrainment rate is one of key parameters in characterizing the
entrainment phenomenon at the interface of a stratified fluid.
Laboratory experiments have suggested a power law relationship
between the entrainment rate, defined as the entrainment speed
(UE) normalized by the friction velocity (un), and the bulk
Richardson number (Rin) (Kato and Phillips, 1969; Kranenburg,
1984; Narimousa et al., 1986; Strang and Fernando, 2001),

UE

un

¼ cðRinÞ�m ð1Þ

where Rin¼hδb/un2, h is the depth of the mixed layer, δb¼gδρ0 is
the buoyancy difference, δρ is the density difference between the
two layers, ρ0 is the reference density and g is gravity. c and m are
constants and vary with the Richardson number, the ratio of
potential to kinetic energy. For example, when Rin approaches
zero, the interface becomes more turbulent, and the UE becomes
proportional to un. When Rin approaches the infinite, on the other
hand, the interface becomes stable, and turbulent eddies are not
strong enough to entrain against gravitational forces. As a result,
UE must be near-zero value, and m becomes large. In fact, values
suggested for m range from 0.5 (Price, 1979; Kranenburg, 1984;
Narimousa et al., 1986) to 1.0 (Kato and Phillips, 1969; Narimousa
et al., 1986).

By applying the logarithmic law of the wall to our corrected
ADCP velocity (i.e., absolute velocity), the friction velocity in the
ML, un is found to be ranging 0.01–0.02 m s-1, which is consistent
with the values reported in the Arctic Ocean (McPhee, 1983, 1987,
1994, 2002, 2004). The density profiles measured and the depth of
mixed layer of �10 m are used to estimate Rin, which is in the
range of 240�950. This is comparable to the values reported by
laboratory experiment (Narimousa et al., 1986) and field data
(Nagai et al., 2005). Narimousa et al. (1986) and Strang and
Fernando (2001) suggested that under these range of Rin the
Kelvin–Helmholtz type instabilities appear and the entrainment
is slower than the fully turbulent eddies with m¼1 and c¼7 for
Eq. (1) (Narimousa et al., 1986). Thus, UE is found to be
0.07�0.57�10�3 m s�1 (¼0.25�2.0 m h�1). With 6 h of entrain-
ment period (i.e., half of near-inertial cycle), the change in the
depth of ML can be between 1.5 and 12.4 m that is consistent with
our findings. Fer and Sundfjord (2007) reported that the entrain-
ment rate, UE/un, is rather constant (0.014) with relatively lower
values of Rin (o10) in the MIZ of the eastern Arctic. If we apply
this relationship with our friction velocity range, the entrainment
speed is found to be 0.14�0.28�10�3 m s�1 (¼0.5�1.0 m h�1),
which is also within the range estimated above.

4.2. Physical implications of the entrainment

The entrainment effect during near-inertial oscillation may
induce thickening of the ML as warmer and saltier water from
the pycnocline below enters into the ML and vice versa. Although
our CTD profiling spans only a single cycle of inertial drift, the
observation clearly shows two opposite cases: (1) uplift of pycno-
cline (i.e., thinning of the ML) in the acceleration phase of inertial
cycle and (2) lowering of pycnocline (i.e., thickening of the ML) in
the deceleration phase of inertial cycle. The velocity shear and
rotation observed from ADCP exhibit the same oscillatory beha-
vior. Interesting feature is that the ML depth (inferred from the
location of vertical shear boundary) moves only 1�2 m up and
down during the second inertial cycle (20�31 h), but it fluctuates
up to 5 m for the first inertial cycle (9�20 h in Figs. 6 and 8). CTD
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data from the St. 5-1 through St. 5-3 (taken at 12�18 h before ice
station) show the uplift of pycnocline from 10 m to 5 m in 6 h. This
matches well with vertical oscillation observed in the ice station. It
is noted that these stations are approximately 10 km away from
the initial ice station, and the hydrographic and hydrodynamic
regime would not be much different among stations, considering
the inertial excursion of �7�8 km. Morison et al. (1987) reported
deepening of the ML from �10 to 20 m by turbulent entrainment
during a storm event. Shoaling of pycnocline by up to 13 m (from
30 to 17 m below the surface) was also observed in the central
Arctic Ocean during the SHEBA experiment (McPhee et al., 2005).
They suggested that such an event might be associated with large
shear in sea ice motion caused by the gradients in large-scale
surface wind stress.

The effect of near-inertial oscillation induced by strong wind
event was studied by McPhee (1980) using observation data
(AIDJEX experiment in the central Arctic during summer of 1975)
as well as multi-level, time-dependent dynamical boundary layer
simulation. He claimed that the large shear across the pycnocline
does not generate enough mixing due to relatively small stress. By
comparing turbulent kinetic energy (TKE) production at steady
state between hourly and 12-h time scales, he also concluded that
the inertial motion is not strong enough to cause a dramatic
change in the entrainment rate at the density interface although it
may enhance turbulent mixing in the ML. However, his steady-
state model did not consider the oscillatory effect that further
enhances the entrainment and mixing observed in this study.
In fact, Fig. 11 in McPhee (1980) shows the time integrals of
shear-produced TKE increased almost twice when considering near-
inertial oscillation. McPhee et al. (2003) estimated ocean-to-ice heat

flux on a drifting ice station during May 2002 to March 2003. The
strong correlation between near-inertial ice drift and heat flux (see
Fig. 6 in McPhee et al. (2003)) indicates that shear generated by
near-inertial oscillation would enhance the entrainment across the
pycnocline, which in turn increases the heat flux. Skyllingstad et al.
(2003) found such mixing and entrainment could be enhanced in
case of drifting ice with keels, approximately five times larger than
the case with flat ice bottom.

In ice-free ocean, the near-inertial oscillations triggered by
wind events subside within a few days or weeks mostly due to
the internal friction within ML and the radiation of inertial waves
toward the pycnocline (Price, 1983; D’Asaro et al., 1995; Garrett,
2001). In ice-covered oceans, however, the inertial oscillation is
further damped by internal ice stress, especially in packed winter
ice condition. Previous observations have shown that inertial ice
motion becomes less frequent when the ice is consolidated
together in winter and vice versa (Geiger and Perovich, 2008;
Gimbert et al., 2012), and that internal wave (generated by inertial
motion) can be damped by internal ice stress through fracturing
and crushing (Colony and Thorndike, 1980). Most recently, we
witness the dramatic reduction of sea ice extent (Parkinson and
Comiso, 2013) and its thinning (Kwok and Rothrock, 2009) in the
Arctic Ocean. Such changes are known to correlate with increase in
sea ice drift velocity (Rampal et al., 2009; Kwok et al., 2013).
Several studies showed an increase of ice drift speed of 9% per
decades from 1979 to 2007 (e.g., Rampal et al., 2009), and the
positive trends in sea ice drift speed in area of more than 90% of
the Arctic Ocean based on the analysis of 1982–2009 data sets
(Kwok et al., 2013). Thinning and shrinking trend of sea ice in the
Arctic Ocean means more active deformation and inertial motion
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even in winter condition (Kwok et al., 2003; Hwang et al., 2015). In
this context, our findings imply that more active mixing and
entrainment across the pycnocline could supply more heat, salt,
and nutrients into the upper ML (i.e., deepening the ML) (McPhee
and Martinson, 1994). This means a positive feedback as follows:
ice melt-faster ice drift-inertial motion-more upward flux of
heat and salt to the ML-enhanced ice melt. This argument is in
line with Rainville and Woodgate (2009) and Rainville et al. (2011)
who found increased internal wave activity that enhances upper-
layer mixing under recent dramatic summer ice retreat. At this
juncture, it should be noted that more meltwater from intensive
ice melt could stabilize the surface ML, which may cause a
negative effect by dissipating internal wave energy in the bound-
ary layer (Guthrie et al., 2013).

4.3. Biogeochemical implications of the entrainment

Beam attenuation data from transmissometer show that a high
concentration layer with suspended materials exists right below
the seasonal pycnocline at St. 5-1 or even in the ML at St. 5-2 and
5-3 (see Figs. 2 and 3f). Considering that the study area is distant
from lateral sources of mineral-origin sediments from continental
margins, it is plausible to assume that the materials concentrated
in such layers would be produced by local biological processes.
Many studies reported that dead organisms after active primary
production in the ML settle down to the upper part of pycnocline
where water density abruptly changes and thus settling velocity
decreases (Wong et al., 1999; Whitney et al., 2013). Ha et al.
(unpublished data) also confirmed this argument by analyzing
holographic images of suspended particulate materials in the ML.

Our observation is just a few weeks after the experiment
described in Arrigo et al. (2012) who reported significant under-
ice bloom in the Chukchi Borderland. At most of our stations,
increased Chl-a concentration was also observed near the upper
portion of the permanent pycnocline. As MIZ advances to the
north over a few weeks (e.g., Cavalieri et al., 2011), our study area
represents environmental conditions (i.e., ice coverage, solar
insolation, surface water temperature, and even nutrient distribu-
tion) similar to those in Arrigo et al. (2012). One of fundamental
differences, however, is that the study area is located distant from
the shelf break, and thus the upwelling is not a plausible
mechanism to support vertical nutrient mixing from below sea-
sonal pycnocline. It should be noted that no significant Chl-a
concentration was observed in the surface ML at any of our
stations. However, we observed elevated concentration of sus-
pended organic particles in the ML and upper part of seasonal
pycnocline, which is comparable to high POC concentration
(remaining organic materials of recent under-ice bloom) reported
by Arrigo et al. (2012).

During our survey, SCM was clearly observed at the entire
stations, which is characterized by high fluorescence signal, high
in-situ concentration of Chl-a, and high beam attenuation rate.
Similar magnitude of elevated beam attenuation was observed in
the ML, but it was not accompanied by fluorescence. This indicates
that those particles are either lithogenic or photo-physiologically
inactive organic matters. Since this area is distant from the source
of mineral materials, they are probably organic matters locally
produced but no photosynthetically active any more. Then, the
question is when they were produced? Authors may speculate that
they just bloomed under the ice as Arrigo et al. (2012) suggested,
because inactive biogenic materials tend to be settled down out of
ML within a reasonable time frame (i.e., several days or weeks).
Tremblay et al. (2008) showed the observational evidence for
bloom dynamics in early opening waters of the Arctic Ocean. Their
results showed that net consumption of nitrate, one of most
limiting nutrients in the Arctic Ocean, began at mid-March and

it completely depleted in the ML within a month. When inferred
from Chl-a measurements, it took approximately 3 months (from
mid-March through mid-June) between under-ice bloom and
onset of SCM. Although their observation was conducted in
different regions (i.e., on the continental shelf and 701N), ice
concentration was larger than 90% until June, which is comparable
environmental conditions in the surface ML of both Arrigo's and
our study areas. Thus, it is reasonable to assume that under-ice
bloom initiated on our locations a few months before the observa-
tion (see Fig. 1 in Wassmann and Reigstad (2011)). The abundance
in particulate materials in the upper ML can increase absorption of
shortwave trapping more solar radiant flux in the water column,
which will also enhance ice melting (Morel and Antoine, 1994;
Perovich and Richter-Menge, 2000; Edwards et al., 2004; Hill,
2008; Paaijmans et al., 2008).

Although observed particulate organic matters are photo-
synthetically inactive materials, they indicate that there had been
under-ice biological activities by phytoplankton in the upper ML
until the depletion of nutrients that eventually caused demise of
blooms (see Fig. 3). In order to sustain the primary production,
favorable light conditions along with episodic but frequent supply
of nutrients from the below permanent pycnocline would be
essential (Lee and Whitledge, 2005; Lee et al., 2010, 2012; Yun et
al., 2012). The supply of nutrients has been attributed to several
vertical mixing mechanisms including internal waves, winter
storms, tidal mixing, wind-driven upwellings and cyclonic eddies
(Reissmann et al., 2009; Popova et al., 2012, 2013). However, none
of previous studies has considered entrainment mechanism
induced by near-inertial ice motion discussed in this study.
Although our study presents evidence that can explain only the
case of the seasonal pycnocline, the dynamics could well be
extended to deeper permanent pycnocline where higher concen-
tration of nutrients is present if a stronger wind event occurs.
When we have a strong storm event, the storm itself stirs and
mixes water column vertically but also it triggers a strong ice drift
motion which may continue for next several weeks. This inertial
drift derived by strong wind events may deliver intensive and
continuous mixing and entrainment in the water column via
processes discussed in this study. This is in line with Geiger and
Perovich's (2008) suggestion that the inertial sea ice motion might
serve as an effective seeding platform for distributing phytoplank-
ton and zooplankton overwintering around the ice floes.

5. Conclusions

Mixing and entrainment mechanisms in the upper ML of the
MIZ were evaluated by analyzing the data of hydrodynamics,
hydrography and suspended particles measured on a drifting ice
station. The results revealed direct and indirect evidences of
mixing and entrainment pattern in the ML as well as across the
upper part of seasonal pycnocline. Echo intensity (proxy of
suspended particles) from ADCP showed both upward and down-
ward fluxes of the particulate materials over two near-inertial
periods. The thickness of ML, observed by CTD, oscillated with the
near-inertial period whereby thickening during accelerating per-
iod and vice versa. The thickness of the ML inferred from the
velocity shear was also consistent with what was measured
by CTD.

The mixing and entrainment pattern can be divided into two
regimes during each near-inertial drift period. In the first regime
when the sea ice drifts toward pack ice and ice drift speed
accelerates, shear across the pycnocline enhances entrainment
whilst turbulent wake occurs behind the advancing edge of ice,
resulting in simple upward fluxes (entrainment) from the pycno-
cline to sea ice–water boundary. In the second regime when the
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sea ice drifts toward open ocean (i.e., lead), the turbulent wake at
the advancing edge of ice combines with the entrainment caused
by near-inertial motion, resulting in complex mixing patterns. This
oscillatory mixing induced by near-inertial drift has not been
significantly considered in the modeling efforts of the Arctic
Ocean. Recent extensive summer sea-ice retreat would increase
ice drift speed and inertial motion, which in turn enhances mixing
and entrainment across the pycnocline that was observed in our
study. This will entrain more heat to the ice–water boundary,
which will act as positive feedback in ice melting mechanism.

Our observation provides 3-D mapping of particle entrainment
in the ML. The active inertial motion of sea ice can entrain warmer
water, particulate matters as well as other dissolved materials into
the ML, which may sustain elevated concentration of organic
matters for relatively long period (e.g., a few months). This was
confirmed by elevated beam attenuation not only in ice station,
but also all stations in the central Arctic Ocean. Once it is
accompanied by under-ice bloom, the abundant organic particu-
lates after the bloom would be suspended in the upper ML. More
particulate organic materials in the upper ML also enhance
absorption of solar radiant flux, which subsequently changes
thermal structure in the upper Arctic Ocean in addition to heat
flux from entrained warm seawater.
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