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ARTICLE INFO ABSTRACT

Moorings, hydrography, satellite-tracked drifters, and high-frequency radar data describe the annual cycle in
circulation and water properties in the landfast ice zone (LIZ) of the Alaskan Beaufort Sea. Three seasons, whose
duration and characteristics are controlled by landfast ice formation and ablation, define the LIZ: “winter”,
“break-up”, and “open-water”. Winter begins in October with ice formation and ends in June when rivers
commence discharging. Winter LIZ ice velocities are zero, under-ice currents are weak (~5 cm s~ '), and poorly
correlated with winds and local sea level. The along-shore momentum balance is between along-shore pressure
gradients and bottom and ice-ocean friction. Currents at the landfast ice-edge are swift (~35 cm s~ 1), wind-
driven, with large horizontal shears, and potentially unstable. Weak cross-shore velocities (~1 cm s~ ) imply
limited exchanges between the LIZ and the outer shelf in winter. The month-long break-up season (June) begins
with the spring freshet and concludes when landfast ice detaches from the bottom. Cross-shore currents increase,
and the LIZ hosts shallow (~2 m), strongly-stratified, buoyant and sediment-laden, under-ice river plumes that
overlie a sharp, ~1 m thick, pycnocline across which salinity increases by ~30. The plume salt balance is
between entrainment and cross-shore advection. Break-up is followed by the 3-month long open-water season
when currents are swift (=20 cm s~ ') and predominantly wind-driven. Winter water properties are initialized
by fall advection and evolve slowly due to salt rejection from ice. Fall waters and ice within the LIZ derive from
local rivers, the Mackenzie and/or Chukchi shelves, and the Arctic basin.
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25% of the Alaskan Beaufort Sea (ABS) shelf is covered by landfast ice
for ~9 months (October — June). Landfast ice is effectively immobile

1. Introduction

Wind stresses and buoyancy fluxes influence circulation and water
property modifications on all continental shelves, particularly over the
inner shelf. On arctic shelves, these influences are modulated by the
annual freeze/thaw cycle, which controls the phasing and duration of
river discharge and landfast ice. Landfast ice becomes bottom-fast in
waters shallower than approximately 1.5 m, but typically extends off-
shore to about the 20 m isobath and is held in place by grounded ridges
(Reimnitz, 2000; Mahoney et al., 2007a). Over the broad and gently
sloping Eurasian shelf seas the width of the landfast ice zone (LIZ) can
be ~100 km (Zubov, 1945; Wadhams, 1986; Morris et al., 1997; Eicken
et al., 2005a), while on the narrower Beaufort Sea shelf it is more ty-
pically ~20-40 km (Reimnitz and Kempema, 1984; Barnes et al., 1984;
Macdonald and Carmack, 1991; Mahoney et al., 2014). Approximately
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and inhibits air-sea heat and momentum transfers while also providing
a frictional boundary for the under-ice flow. Consequently, the ice is
expected to have an important influence on the circulation character-
istics of the inner shelf. For convenience, we refer to the inner shelf as
where water depths are <~20 m. This definition differs from one de-
fined by dynamic processes; i.e., that portion of the shelf over which the
surface and bottom boundary layers overlap (Lentz, 1995; Li and
Weisberg, 1999). A dynamically-based definition is difficult to apply in
landfast ice regions where the surface and bottom boundary layers
appear thin (Kasper and Weingartner, 2012) and where there is extreme
seasonality in the circulation characteristics.

Frictional coupling between landfast ice and the ocean is poorly
understood because it depends on the under-ice topography and current
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speed, both of which may vary considerably with space and time
(Shirasawa and Ingram, 1997; McPhee, 1990; Lu et al., 2011). For ex-
ample, on windward shelves, such as the ABS, the seaward boundary of
the LIZ is highly deformed due to collisions with the mobile pack ice.
Deformation is an integral part of the seasonal development of the LIZ
(Mahoney et al.,, 2007a). Ridging intensity and keel depths vary
alongshore and generally increase offshore and through the freezing
season (Tucker et al., 1979). Ice keels can gouge the seafloor (Barnes
et al., 1984) and form grounded, rubbled ice, or stamukhi (Zubov,
1945), within and at the edge of the LIZ. The stamukhi protects the
inner shelf from pack ice (Reimnitz and Kempena, 1984), inhibits water
exchange between the inner and outer portion of the shelf (Macdonald
and Carmack, 1991), and, under appropriate wind conditions, may be
bounded offshore by a flaw lead wherein new ice rapidly forms
(Melling, 1993; Dmitrenko et al., 2005; Itkin et al., 2015). In addition to
the seasonal changes in the LIZ, processes influencing deformation
(including landfast ice breakout events) can occur on time scales of
hours to days and spatial scales of a few to hundreds of kilometers
(Overland and Pease, 1984; Eicken et al., 2011).

The LIZ is an important sub-region of the Arctic Ocean because it is
the initial processing site for the freshwater and the dissolved and
particulate loads discharged by the massive rivers emptying into the
Arctic Ocean. As such the LIZ serves as the Arctic's “estuary”
(Macdonald and Carmack, 1991; McClelland et al., 2012; Itkin et al.,
2015). It also supports a unique biological habitat (Dunton et al., 2012,
2006), is critical to subsistence cultures, and is the site of marine in-
dustrial activities. At present, little is known about LIZ circulation
processes, but a warming Arctic, and attendant changes, will affect the
LIZ. Although the work reported herein was motivated to guide po-
tential oil spill responses within the LIZ of the ABS, our measurements
shed light on physical processes not only within the ABS LIZ, but per-
haps on other arctic shelves as well.

Few moored measurements have been made within the LIZ because
of ice risks to shallow moorings. We know of only two reported win-
tertime current measurements from within the LIZ of the ABS and the
results are contradictory. Aagaard (1984) concluded that current speeds
within the LIZ seldom exceed 10 cm-s~ ', whereas Matthews (1981)
argued from continuity considerations that speeds of up to 35 cm-s~*
might occur occasionally. Both conclusions were tentative because they
were based on short duration measurements from instruments moored
close to the seabed.

Our measurements were made primarily in the vicinity of Prudhoe
Bay, about midway along the ABS coast (with additional moorings in
Smith and Camden Bays; Fig. 1a). The ABS shelf is ~80 km wide and
extends ~600 km eastward from Barrow to the Mackenzie shelf. The
bottom grades smoothly from the coast toward the shelfbreak with a
bottom slope of ~8 x 10~ * shoreward of the 100 m isobath. Although
ice can cover the shelf year-round, more typically the inner shelf is ice-
free from mid-July to mid-October. Based on archived National
Weather Service records from Barrow and the climatology of Brower
et al. (1988), westward (upwelling-favorable) winds predominate in all
months, and especially from September through June. In July and
August upwelling-favorable winds occur only slightly more frequently
than downwelling winds. There has, however, been an appreciable in-
crease in the frequency and duration of westward wind events over the
ABS over the past two decades (Schulze and Pickart, 2012; Brugler
etal., 2014). A few medium-sized (1-10 km® yro 1) and numerous small
arctic rivers enter the ABS along Alaska's North Slope. These drainages
are entirely underlain by permafrost. Consequently, the annual river
discharges, and especially the spring freshet, are brief due to rapid
snowmelt and because the watersheds are completely frozen in winter,
partially thawed for a brief period in summer, and do not support ap-
preciable groundwater flow.

The purposes of this paper are to characterize and understand the
processes that control the seasonal evolution of water properties and
circulation over the inner shelf of the ABS with an emphasis on the
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landfast ice season. We also characterize the along- and cross-shore
circulation and sea-level correlation scales and, where appropriate,
compare these results with dynamical models of the LIZ under-ice cir-
culation. The results should broaden our understanding of seasonality
in this under-sampled portion of the Arctic Ocean and allow better
insights on potential impacts on the LIZ associated with a warming
Arctic. Our description is based on various data sets collected by dif-
ferent methods in different years as discussed in Section 2. In Section 3
we first provide an overview of the annual cycles of sea ice, currents,
and water properties. We next examine several kinematic and dynamic
aspects of the winter landfast ice season, explore aspects of the circu-
lation at the landfast ice edge, and then describe features of under-ice
freshwater plumes. Section 4 constitutes a discussion and summary of
the results.

2. Methods

Our data derives mainly from seafloor-mounted oceanographic
moorings Dinkum, Reindeer, and Cross deployed (Fig. 1b) in and offshore
of Stefansson Sound in various years between 1999 and 2006. All
moorings carried acoustic Doppler current profilers (ADCPs) and tem-
perature/conductivity/pressure (T/C/P) recorders and some included
transmissometers. Along-shore coverage was available in two years
(2004-2006) from Camden deployed in Camden Bay (~120 km east of
Dinkum) and in one year (2004-05) from Smith deployed in Smith Bay,
~235 km to the west of Dinkum (Fig. 1a). Deployment depths ranged
from 7 to 17 m. Dinkum was the only mooring common to all years. The
mooring positions, sensor packages, and bottom depths at each mooring
used here are listed in Table 1. Sampling intervals were hourly or
shorter. The moored data are supplemented with hydrographic mea-
surements obtained during break-up in June 2001 and from late May to
early June 2006, surface current measurements obtained during the
open water season from a high-frequency radar (HFR) system in fall
2006, and from satellite-tracked drifters in August 2014. We also use
the trajectories of several drifters deployed in the Chukchi Sea in fall
2012, which over-wintered in the LIZs of the ABS and Mackenzie shelf.

Moored instruments were mounted on compact frames constructed
from fiberglass stock or Oceanscience Sea Spider stands. To limit the
risk from ice keels, the top of the frames (ADCP transducers) were
~0.5-1.0 m above the seabed. Currents were measured with either a
1200 or 600 kHz Teledyne-RDI ADCP set in a gimbaled collar on the
frame. The latter ensured that the ADCP remained vertical should the
frame tilt from the horizontal by 20° or less (tilt sensors all indicated
that the ADCPs remained level throughout their deployments except as
noted). We used 0.5 or 0.25m bin sizes on these upward-looking
ADCPs. Ancillary instruments (Seabird, Inc. SBE16 SeaCats) and an
acoustic release, which controlled a float and line used for recovery,
were attached to the frames, each ballasted with 90 kg of lead. The
design succeeded insofar as only 2 of 19 moorings deployed over the
years were struck by ice (in one case with little damage to the instru-
ments). One design problem is that the conductivity cells and acoustic
release were within 20-30 cm of the seabed and thus affected by se-
diment re-suspension. The release mechanism was often impacted by
sediments necessitating recovery by divers. Later deployments using
vertically-oriented releases having the trigger mechanism held farther
off the seafloor were more reliable. Bottom sediments, re-suspended by
fall storms, infiltrated some of the conductivity cells rendering the
salinity estimates unreliable over the remainder of the record. Finally,
and in spite of the ballast, waves and currents associated with a severe
storm in October 2006, inverted the Dinkum mooring and moved the
Cross mooring about 200 m to the southwest of its original location.
While the ADCP functioned well throughout the remainder of the Cross
deployment, its conductivity cell was compromised by sediments.

Pre and post-calibrations of the T/C/P recorders were compared and
incorporated in computing final values. Salinity was also compared
with the freezing point from winter records. We estimate that the
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salinity data is accurate to ~0.02 or better and temperature measure-
ments are deemed better than 0.01 °C.

We estimated ice keel depth from the ADCPs based on the bottom
depth, transducer height above bottom, and the range at which the
intensity of the reflected acoustic signal was a maximum. We then

Table 1

multiplied the keel depth by the ratio of sea water density to sea ice
density (1.12) to derive ice thickness. Noise in the ice thickness esti-
mates due to discretization of the ADCP bins was reduced by smoothing
the ice thickness estimates with a 5-day running mean.

CTD measurements using a Seabird SBE-25 were made through the

Mooring and data sets used herein, including deployment period, locations, instrumentation (ADCP: 1200 and 600 kHz; SC = SeaCat), variables measured (V = velocity; T = tem-

perature; S = salinity; P = pressure; Tr = transmissivity) and bottom depth.

Mooring name/Dates Latitude (N) Longitude (W) Instruments Variables measured Bottom depth (m)
DINKUM

8/99-9/00 70° 24.352’ 147° 53.656” 1200 & SC V,T,S, P, Tr 6.8
8/04-8/05 70° 24.437" 147° 53.656” 1200 & SC V,T,S, P, Tr 6.8
8/05-9/06 70° 24.394" 147° 53.656" 1200 & SC V,T,S, P, Tr 6.9
REINDEER

9/01-8/02 70° 30.539” 148°19.212/ 1200 kHz A\ 12.7
CAMDEN

8/04-8/05 70° 1.692’ 144° 56.584" 1200 SC V,T,S, P 8.6
8/05-8/06 70° 1.707" 144° 56.617" 1200 SC V,T,S, P 6.9
SMITH" 70° 59.288" 154° 1.994’ 1200 SC V,T,S, P 9.8
8/04-8/05

CROSS" 70° 29.980" 147° 48.275" 600 SC V,T,Ss" 17.3
9/06 - 8/08

PASC 70°11.7" 148° 27.7" Anemometer Winds

NARR Grid Point 70°40" 148° 0.0 Model Winds and Air Pressure

NOAA Tide Gauge (Prudhoe Bay) 70° 24.7/ 148° 31.9’ Water level Sea level

@ Pressure erratic in late winter of 2005 and not used thereafter.

> GROSS was not recovered in 2007 due to inclement weather, but successfully recovered in August 2008.
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ice in June 2000 along 7 stations extending northward from the mouth
of the Sagavanirktok River (Fig. 1b) and in 2006, as break-up began,
when near-daily CTD profiles were collected close to one of these sta-
tions. Based on pre- and post-calibration coefficients, the accuracy of
the vertical profile salinity and temperature data are 0.01 and better
than 0.01 °C, respectively.

We use two additional data sets to illustrate the rapidity by which
waters on the inner ABS shelf can be exchanged during the open water
season. The first was derived from a pair of 13 MHz high-frequency
radar (HFR) systems deployed at two shore-based locations in the
Prudhoe Bay area (Fig. 1b and described by Potter and Weingartner
(2010)). This HFR pair had an effective range of ~50 km and a hor-
izontal resolution of 2 km. The system's antennae patterns were cali-
brated per Barrick and Lipa (1986) and Kohut and Glenn (2003). The
second data set consisted of 22 satellite-tracked Microstar drifters
(manufactured by Pacific Gyre, San Diego CA) equipped with a CODE-
type drogue (Davis, 1985) at 1-m depth. The drifters were deployed as a
single cluster in a water depth of ~25m about 10 km offshore of
Kaktovik (Fig. 1a) in August 2014. Drifter positions, ascertained by
GPS, and sea surface temperatures were measured hourly, recorded
internally, and transmitted to shore via Iridium. Prior to analyses, we
removed outliers in the position fixes and temperature and then inter-
polated the data to the top of each hour. The drifters released in the
Chukchi Sea had drogues at 10-m depth, and their data were processed
similarly.

Hourly wind data were obtained from the National Weather Service
station at the Deadhorse airport (designated PASC and located at 70°
11.7°N, 148° 27.7” W; Fig. 1b). In some years these were incomplete, so
we used 3-hourly wind data from the North American Regional Re-
analysis (NARR) models operated by the National Center for Environ-
mental Prediction (NCEP; Mesinger and Coauthors, 2006) at a gridpoint
near 70.4°N, 148°W. Additional sea-level data were obtained from the
NOAA tide gauge in Prudhoe Bay (Table 1). Sagavanirktok River dis-
charge measurements, collected by the United States Geological Survey,
were made ~115 km upriver from the mouth.

We used Synthetic Aperture Radar (SAR) imagery from the
November-December 2006 period to analyze the position of the land-
fast ice edge in conjunction with the Cross velocity record. We esti-
mated this position subjectively from images separated by 2-3 day in-
tervals by looking at feature displacements. Two analysts independently
conducted the examination between successive pairs of images. The
results from both analysts agreed in all cases.

3. Results
3.1. Overview of the annual cycle

We describe the annual cycle based on the Dinkum moored record
from mid-August 1999 to late-August 2000. This record, which is re-
presentative of other moorings deployed within the LIZ, provides the
best coincidental records of salinity and transmissivity amongst the
various moorings. We first examine the time series of the ADCP-derived
ice thickness, bottom-track velocity (surface and/or ice velocities), and
the along-shore currents (Fig. 2) and then the water properties (Fig. 3).
We differentiate between the landfast and open water seasons based on
the ADCP bottom-track velocity (Fig. 2b). Large, noisy bottom-track
velocities indicate open water and/or drifting ice floes. When landfast
ice is present the bottom-track velocities are zero.

We begin by considering the time series of the ice thickness
(Fig. 2a). In August 1999 the inner shelf was ice-free except for occa-
sional drifting floes or sheets of melting ice as occurred for a few days at
the end of the month. The ice disappeared by early September and the
inner shelf remained ice-free until mid-October when ice began
forming. Thickness increased steadily through fall and winter and at-
tained its maximum value of ~2m in early April. Ice thickness re-
mained constant through late May, decreased rapidly in June, and
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effectively disappeared by the end of the month. The bottom-track
velocities (Fig. 2b) indicate that the landfast ice season at Dinkum began
on 15 October 1999 and ended on 30 June 2000, when ice began
drifting. (Landfast ice formation commences at the coast and expands
seaward, so the formation dates refer to the date when the ice extended
offshore to the mooring location and not when it initially formed at the
coast.)

The 5-year Dinkum record indicates that the earliest occurrence of
landfast ice at this location was on 13 October 2001 and the latest was
on 27 October 2004. The earliest and latest landfast breakout dates
were 28 June 2005 and 5 July 2004, respectively. According to the
bottom-track record, transitions between the two seasons occur
abruptly. Time series of the unfiltered alongshore velocity component
(directed along 119° and 299° for Dinkum, Fig. 2c) indicates that current
speeds and current variance change with the transition from the open
water to the landfast ice season. Current speeds are swift during the
former period but weak during the latter. Histograms of current speed
composited from all years and moorings (Weingartner et al., 2009)
indicate that for the landfast ice season ~50% of the current speeds
were <5cms”! and only ~2% of the speeds exceeded 15cms™ 1.
Maximum under-ice current speeds were ~20cms”'. In contrast,
during the open water season, only 20% of the current speeds were
<5cms~ ! and more than 50% of the speeds exceeded 15cms™'.
Open water current speeds >50 cm s~ ' occurred ~5% of the time and
maximum current speeds were ~100 cm s~ ', During the landfast ice
season the subtidal currents comprised 50-80% of the total variance,
with the larger values typical of most records. By contrast, the subtidal
variance accounted for more than ~85% of the variance during the
open water season. In both seasons the subtidal circulation is along-
shore polarized. The dominant tidal constituent (M>) had a magnitude
of ~2 cms™!; the magnitudes of other semi-diurnal and diurnal con-
stituents were half this value.

The formation and ablation of sea ice and river runoff control the
annual cycle of water property parameters (Fig. 3a, b). River discharge
was small at the beginning of the record in August 1999 and diminished
to negligible levels when rivers and the active layer re-froze by October
and remained so through late May 2000. At that time the discharge
increased, at first gradually into early June and then very suddenly over
the next week when it attained its annual maximum of ~700 m®s ™.
Thereafter the discharge decayed gradually and reached ~150 m®s™!
by the end of June. The large discharge pulse surrounding the annual
maximum constitutes the spring freshet, when >80% of the annual
river discharge occurs. According to Rember and Trefry (2004) the
freshet also carries more than 80% and 50% of the annual particulate
and dissolved carbon and trace metal loads, respectively. Through the
remainder of summer and fall, the runoff diminished, except for epi-
sodic discharge pulses following precipitation and/or snowmelt events.

It is clear from the discharge and ice thickness plots that these
parameters coincide from late May through June. In part this covar-
iance reflects the melting response to the seasonal increase in solar
radiation and the increase in thawing degree-days. The landfast ice melt
rate increases rapidly due to the large and sudden decrease in albedo at
the ice surface as sediment-laden river waters overflow the ice adjacent
to the coast (Dean et al., 1994; Searcy et al., 1996). The albedo change
is critical in terminating the landfast ice season because it accelerates
ice melt in the LIZ. Landfast ice begins drifting once stamukhi have
melted.

Bottom temperatures (Fig. 3c) from August — September 1999
varied between 5 and 2 °C, but by late September decreased rapidly
over a 10-day period to reach freezing (—1.7 °C) in early October,
shortly before landfast ice was established. Freezing temperatures
persisted from early October until late June 2000, whereupon tem-
peratures increased to ~0 °C by late July after the ice disappeared.
Bottom salinity (Fig. 3c) was variable and ranged from 20 to 31
throughout August — September. With the onset of freezing waters and
ice formation, the salinity increased steadily and reached 34-35 by
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Fig. 2. The 1999-2000 Dinkum time series of A) ice
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January. Although ice continued to grow slowly, the salinity decreased
to ~32.5 by mid-February, suggesting that even the weak under-ice
currents can exert advective control on local LIZ property budgets.
Salinity remained relatively constant from mid-February through mid-
June and then, in conjunction with the disappearance of the ice, de-
creased rapidly to ~30 by the first week of July. By late July, solar
heating, increased wind-mixing, and wind-forced currents combined to
rapidly decrease bottom salinities to 20-24 and increase bottom tem-
peratures to between 0 and 4 °C. These transitions herald the onset of
the next annual cycle.

Transmissivity (Fig. 3d) also showed pronounced seasonality.
Throughout late summer and fall it varied, due to wind events that re-
suspended sediments via strong currents and/or waves. Transmissivity
decreased to very low values coincident with the rapid formation of ice
in early October. Again, these low values were associated with strong
wind events that, in addition to forcing swift currents and large waves,
also promoted cooling and frazil ice formation. In these shallow depths,
frazil ice production during the initial stages of freeze-up causes sedi-
ment re-suspension (Reimnitz et al., 1990). Although some of this re-
suspended material is carried away by the currents, a substantial
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fraction is incorporated into the forming ice (Barnes et al., 1982; Stierle
and Ficken, 2002; Eicken et al., 2005b). Transmissivity is high
throughout the landfast ice season, except in June when ice begins
melting and discharge increases. After the ice disappears, transmissivity
values increase again, until fall storms and cooling begin the process
anew.

This overview of the annual cycle suggests that there are three
distinct oceanographic seasons on the inner shelf of the ABS: the 8
month-long “winter” landfast ice season that extends from mid-October
through May - June, a month-long melting season in June when land-
fast ice and runoff interact with one another, and the open water season
that extends from mid-July through mid-October.

3.2. The winter landfast ice season

In this section we present kinematic and dynamic aspects of the
winter landfast ice season and, where appropriate, make comparisons
with the open water season. We begin by considering the time series of
the NARR along-shore winds (which is generally within 15° of the zonal
direction), the 35-h filtered and inverse barometer-corrected sea level

Fig. 3. The 1999-2000 time series of A) Sagavanirktok River
discharge, B) Dinkum ice thickness, C) salinity and temperature,
and D) transmissivity.
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Fig. 4. 10 October 2001 to 27 June 2002 time series of A) the
along-shore winds (NARR), B) the subtidal and inverse-barometer
adjusted sea level (Prudhoe Bay), and C) the along-shore and
cross-shore velocity components (in blue and red, respectively) at
Reindeer. The correlation coefficients (r) between the along-shore
winds and each variable are given on the left hand side of each
plot. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

from Prudhoe Bay, and the 35-h low-pass filtered along- and cross-shore
currents for the landfast ice period of 10 October 2001-26 June 2002 at
Reindeer (Fig. 4). The along-shore winds account for ~90% of the wind
variance, had typical speeds <5m s~ ?, and averaged ~1 m s~ to the
west. Sea-level anomalies (about the mean depth of 12.7 m) ranged
between —0.4 and 0.6 m, but over most of the record they varied be-
tween 0.2 m. Comparison of the wind and sea-level time series sug-
gest some correspondence between the two, and for all sites, wind-sea-
level correlations ranged from ~0.3 to 0.4 and were significant (i.e., p
< 0.05) during the landfast ice season. For the open water season, the
correlations between winds and sea level were greater (0.5-0.60; p <
0.05). Although there were large seasonal differences in current speeds,
seasonal sea level variations were similar in magnitude. In both sea-
sons, sea-levels fluctuated between +0.5m with root-mean-square
values being ~0.2 m.

For most moorings and deployment periods (including Reindeer) the
mean along- and cross-shore currents during the landfast ice season
were <1 cms™! and, in all but a few cases, not significantly different
from zero. Under-ice currents were quite variable, with integral time
scales being ~2 days. At all moorings the correlation between along-
shore winds and currents was not, or only weakly, significantly dif-
ferent from zero (for Reindeer the correlation was 0.2, p < 0.05). By
contrast, open water season currents were significantly correlated with
both winds and local sea level although the correlation coefficients
varied across years and sites and ranged from ~0.5 to ~0.7.

There were also seasonal differences in the along-shore coherence
scales as determined by the empirical orthogonal functions (EOFs) of
the along-shore currents. The EOFs were computed separately for the
landfast ice and open water seasons using the Smith, Dinkum, and
Camden records from 2005 to 06. For the open water season the first
mode explains ~90% of the variance, whereas during the landfast ice
season this mode accounts for 50% of the variance.

Bottom pressure variations were coherent and in-phase during the
landfast ice season for time scales >2 days and over the 119 km se-
parating Camden and Dinkum. The along-shore velocity at Dinkum and
the bottom pressure difference between Dinkum and Camden were also
coherent and out-of-phase implying that along-shore pressure gradients
and frictional stresses are important in the linearized and vertically-
averaged along-shore momentum balance:

__1op (m+nU
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where UandV are the vertically-averaged along- and cross-shore velo-
city components, f the Coriolis parameter, t time, dP/dx the pressure
gradient in the along-shore direction (x), H the water depth, and p, a
reference density. The stresses in the along-shore direction (*) are
parameterized by a linear stress law, t* = p,(; + 1)U, with r, and 1,
being the resistance coefficients between the ice and the water and the
seabed and the water, respectively. We assessed this relationship by
neglecting the first term on the left, the local acceleration term, which is
1-2 orders of magnitude smaller than the pressure gradient. Our mea-
surements did not extend across either boundary layer, which may
contain cross-shore transports comparable, but opposite, to the interior
cross-shore transport (Kasper and Weingartner, 2012). We thus neglect
the vertically averaged Coriolis acceleration under the assumption that
the boundary layer transports effectively cancel the interior transport.
Moreover, bottom pressures (and gradients) were not coherent with V.
Under these conditions, the force balance reduces to one between the
pressure gradient and the stresses, i.e. (H/p,)) AP/Ax = —(r; + 1)U, with
H = 5mand p, = 1025 kg m™ 3, We assessed this balance by first low-
pass filtering bottom pressures and alongshore velocity to eliminate
fluctuations at periods <2.5 days. Filtering reduced the sub-inertial
velocity variance by 50% (2004-05) and ~35% (2005-06).

We examined the relationship using U at Dinkum and the bottom
pressure difference between Camden and Dinkum for the time period
between 1 November and 31 May of each year shortly after landfast ice
formed at each site and before break-up and significant runoff began.
Fig. 5 shows the results for three separate time periods along with the
linear fits. There are two points of note. First, there was no significant
relationship (p < 0.05) for the period between 1 Nov 2004 and 13 Jan.
13 2005 (and data for this period are not plotted). Second, there is an
offset in the two regressions for the winter of 2005. These caveats may
be due to a spatially-variable width and/or ice breakout events in the
LIZ between Dinkum and Camden over these portions of the record,
which would result in pressure gradients over shorter scales. Never-
theless, the fits were all significant (p < 0.05) with r ranging from 0.40
(2005-06) to =0.80 (2005). The slopes, the sum of the two resistance
coefficients, range from 5.8 to 7.6 x 10~ > m s~ '. Both slopes from the
winter of 2005 were statistically identical. The 2005-06 data were more
variable with a weaker fit (although its confidence interval overlaps
with the one for the first period in 2005).
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Fig. 5. Vertically-averaged along-shore momentum balance ac-
companied by linear regression results for each period.

@ Mar 21 - May 31, 2005 (r*=0.82, n=71)
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3.3. Vertical current structure

We examined the vertical structure of the along-shore flow during
the landfast ice season by compositing profiles segregated by the along-
shore flow direction defined by the principal axis orientation (nomin-
ally eastward and westward). In general these are Poiseuille-like with
maximum speed centered approximately midway between the seabed
and the underside of the ice. The velocity profiles were weakly sheared
(at least outside of the under-ice and bottom boundary layers, neither of
which were resolved by our measurements) with velocities generally
varying by ~1cms™! over the depth of the water column. The ar-
chetypal parabolic velocity profile is shown in Fig. 6a, which was
constructed by averaging all westward (toward 293 °T) flow events for
February 2007 from Cross. By contrast, the mean eastward (toward
113°T) velocity profile is quite different (Fig. 6b). It increased linearly
from 1 cms™! at ~2 m below the ice to ~6 cm s~ ! at 14 m depth. The
directional differences in the profiles suggest that a substantial ice keel
was east of Cross, which blocked flow in the upper water column and
intensified the near bottom flow. Cross was deployed on the ~17 m
isobath and was the farthest offshore mooring in our study. As such, its
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complicated velocity profile may be typical of the distal regions of the
LIZ where ridging and stamukhi tend to be concentrated.

3.4. Circulation at the landfast ice edge

The Cross record also afforded an intriguing glimpse of the cross-
shore circulation variability associated with the landfast ice edge. We
show this using a subset of 2006 Synthetic Aperture Radar (SAR)
images collected between 11 November and 22 December (Fig. 7a-f).
Each image shows the location of mooring Cross (yellow dot) in relation
to the landfast ice-edge location indicated by the red line. The SAR
images allowed us to estimate the distance between the mooring and
the ice edge, which facilitate interpretation of the time series of along-
shore winds and currents and the bottom-track record for the 1 Sep-
tember - 31 December 2006 period (Fig. 8).

From 1 to 15 September a broad band of melting ice covered Cross.
This ice sheet had grounded along the seaward side of several of the
barrier islands bordering Stefansson Sound and was evident in the
bottom-track records, in visible satellite imagery, and by local ob-
servers. By 15 September the ice sheet largely dispersed and open water
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Fig. 6. Mean along-shore velocity depth profiles for Cross for February 2006. The plots depict the mean profile constructed from all westward (A) and eastward (B) flow events. Dashed

lines bracket one standard deviation about the mean.
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December 9, 2006
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©Canadian Space Agency
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Fig. 7. SAR imagery from A) 22 Nov., B) 29 Nov., C) 2 Dec., D) 9 Dec., E) 13 Dec., and F) 20 Dec., 2006 of the estimated location of the landfast ice edge (red line) with respect to mooring
Cross (yellow dot). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and/or drifting ice enveloped Cross. These conditions persisted until
landfast ice, which had been expanding seaward from the coast be-
ginning in late October, covered Cross. Cross was briefly covered for ~2
days on ~17 November and then more frequently after 23 November.
From mid-September through mid-November, the along-shore currents
were swift and positively correlated with the along-shore winds con-
sistent with our depiction of the open water season circulation. Landfast
ice covered Cross from 23 November through 1 December, during
which time the currents were eastward and weak at ~5 cm s~ !, while
the winds were westward at 7-10 ms~'. Note that the SAR images
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throughout this period suggest that the mooring was within 1-4 km of
the ice-edge. From 2 to 10 December the landfast ice retreated shore-
ward exposing Cross to drifting ice while the winds varied from east-
ward to westward at 5-10 m s~ . Current velocities were again co-
herent and in-phase with the winds, and current speeds were
substantial (~35 cm s~ ') and much greater than those measured sev-
eral days earlier beneath the landfast ice. Beginning 11 December the
landfast ice expanded rapidly offshore with the ice edge ~12 km sea-
ward of Cross by 13 December. The ice-edge remained at this location
through at least 22 December during which time the currents were
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Fig. 8. Time series of A) along-shelf winds (positive eastward), B) along-shelf currents
(positive eastward), and C) ADCP bottom track return from Cross for the period 1
September - 31 December 2006. The regions shaded yellow indicate when landfast ice
(LI) covers the mooring after 16 November. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

weakly eastward and winds were westward and often quite strong.
Hence from 23 November to 1 December and from 12 to 22 December,
landfast ice covered the mooring, and the currents were weak and anti-
correlated with the winds, in agreement with the model results of
Ohshima (2000) and Kasper and Weingartner (2012) for regions well
within the LIZ. After 22 December, however, the winds remained
westward, but the currents within the LIZ reversed and flowed down-
wind, in contrast to both models’ predictions. Throughout the re-
mainder of the landfast ice season there was no statistically significant
relationship (p < 0.05) between currents and winds similar to the re-
sults obtained from other moorings during the landfast ice season.

The preceding discussion implies that there is a strong cross-shelf
horizontal velocity gradient that straddles the ice-edge as predicted
(Ohshima, 2000; Kasper and Weingartner, 2012). The current record
and SAR imagery allow estimating the ice-edge Rossby number, Ro,
du/fdy = AU/fL,. Here, L, is a characteristic cross-shore length scale
over which the along-shore velocity changes by AU. Along-shore cur-
rent shears of ~50 cm s~ ! over a cross-shore distance of 1 — 2 km, as
suggested by the SAR images, yields an Ro ~ 0.4. These values of L,,
which are considerably smaller than the 7-15 km barotropic radii of
deformation for water depths of 10-20 m, are probably not unusual
throughout the winter, especially when winds are strong, and the
transition zone between landfast ice and the drifting pack is narrow.
Consequently landfast ice-edge jets are non-linear, and potentially
barotropically unstable.

3.5. The break-up season

The break-up season occurs when the landfast ice and spring runoff
interact with one another, and represents the transitional period be-
tween the winter and open water seasons. Our break-up description is
based on the May-June 2000 time series of the ice thickness, trans-
missivity, velocity, and vertical shear in the horizontal velocity from
Dinkum in conjunction with the Sagavanirktok River discharge for the
same period (Fig. 9a). As noted, the spring freshet occurred for 12 days;
it began on 7 June, peaked 3 days later, and decayed to pre-peak levels
by 18 June. Each of the other time series in Fig. 9 show abrupt changes
coincident with the freshet. For example, the ice thickness (Fig. 9b) was
~1.8 m from the beginning of May through 10 June but then decreased,
at first gradually and then more rapidly towards the latter half of the
month. Similarly, transmissivity (Fig. 9b) values fell from ~75% on 12
June to 0% on 16 June and were negligible throughout the rest of the
month. These low values cannot be explained by sediment re-
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suspension by currents because currents remained weak. Rather the
high turbidity was probably due to sediments released from the melting
ice or settling out of under-ice river plumes. Cross- and along-shore
velocity shears (Fig. 9¢) were small (<0.01 ) throughout May, but
these increased nearly fourfold in conjunction with the spring freshet.
The increase in the cross-shore velocity shear was associated with a
large increase in offshore velocity at ~2 m depth (Fig. 9d). Recall that
cross-shore current speeds are typically ~1 cm s~ ' during the landfast
ice season, but these increased to 5-10 cm s~ ! between 10 and 15 June
and were the largest observed during the landfast ice period.

The June 2001 CTD section provides another perspective on water
column processes during the landfast break-up season. River discharge
and landfast ice melt promotes stratification, and indeed the sub-ice
water column was strongly stratified (Fig. 10a) by a 1-m thick pycno-
cline centered ~2.5 m below the ice. In the upper 2 m temperatures and
salinities were —0.2 °C and 3-5, respectively, while below the pycno-
cline the respective values were < —1.6 °C and >32. Transmissivity
was very low (<10%) in the upper 2 m and increased rapidly across the
pycnocline to >70% below 3 m. Fig. 10b shows time series of the
vertical profiles of temperature and salinity between 22 May and 3 June
2006 taken close to the station marked with an arrow in Fig. 10a—c.
These data were collected before overflow flooded the ice surface and
drastically changed the albedo. River discharge was negligible on 22
May, and the water column was vertically uniform with respect to
temperature (< —1.7 °C) and salinity (32.5-33). Bottom water prop-
erties remained nearly constant throughout the sampling period. Dis-
charge increased to 40 m®s~! on 24 May, by which time the water
column had developed a 2-layer structure. In the surface layer salinities
were ~11 and temperatures were — 0.6 °C. Thereafter, discharge ra-
pidly increased to a maximum of 400 m®s ™! on 3 June. Over the 9-day
period from 24 May to 3 June, salinities within the well-mixed portion
of the plume decreased to ~3 or less, and temperatures varied from
—0.2 to 0.2 °C. The plume also thickened from 2 to 3 m depth by 3
June, which implies an entrainment rate of 10 ®ms™'.

After plume formation, plume temperatures averaged ~0.1 °C above
the freezing point. We assessed the role of the plume on under-ice
melting by calculating the heat flux from the ocean to the ice following
McPhee et al. (1999):

Ey = 0,¢p(Vo /T e AT @

where F,; is the heat flux from the ocean to the ice, p, is the plume
density (1010 kgm™3), ¢, is the heat capacity of seawater
(3990J kg71 °C™1), cy is the heat exchange coefficient (5.6 X 1073),
AT is the difference between the freezing point temperature and the
plume temperature, and ¥, is the water velocity vector (in complex
form) outside of the under-ice boundary layer (0.05 ms™?; cf. Fig. 9).
The variable I’ = V,/ui;5, where Uiy is the (complex) friction velocity.
The latter depends upon the under-ice roughness length, z, for which
we have no information. Shaw et al. (2008) report values of u,, ranging
from 1072 to 10 " >ms~! based on measurements from the central
Arctic basin. We evaluated Eq. (2) for IF| = 5and|F| = 50 yielding heat
fluxes between 2 and 22 W m ™ 2. The higher value implies a melt rate of
6 mm/day and is probably an upper bound given that we expect very
smooth ice (small u,) close to the coast. By comparison, the net ra-
diation at the top of the ice in late May and early June is ~100 W m ™2,
yielding a melt rate of ~3 cm/day. Assuming that the meltwater at the
ice surface drains into the plume, we estimate the depth-averaged salt
balance for the plume over the 11-day period of 24 May-3 June:

ASp AS
— = —v— + | W /h,
o =+ [ o|im
— Ny
a b c d 3)
Term a is the rate of change of plume salinity (AS, = 8); term b

describes the cross-shore advection of salt; and terms ¢ and d are sali-
nity changes due to entrainment and ice melt, respectively. The vari-
ables S,, S,, and S; are the salinities of the river inflow (0), ambient
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Fig. 9. May-June 2000 time series from Dinkum of A)
Sagavanirktok River discharge, B) ice thickness (black) and
transmissivity (green), C) along- and cross-shore vertical velocity
differences, and D) along- and cross-shore velocities. The along-
and cross-shore velocities are blue and red, respectively in C and
D. (For interpretation of the references to color in this figure le-
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Fig. 10. The 6 June 2001 vertical section of: A) temperature, B) salinity, and C) transmissivity. The section extends from inshore (left) to offshore (right) and its location is given in
Fig. 1b. Inverted triangles at the top of each panel indicate the location of the each of the 6 CTD casts that comprised the section. Panels D and E are time series of vertical profiles of
temperature and salinity, respectively for the indicated dates in 2006. This station was located near the third inshore station shown by the vertically-oriented arrow in the top row.
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water (32.5), and first-year ice (7). The entrainment rate is w,; Ah;/At is
the ice melt rate; y (v) is the cross-shore co-ordinate (velocity); and h,, is
the plume depth (2.5 m). The observations suggest a salinity decrease of
0.9 day~ ' over the 11 days. Plume salinity increased at ~1.1 day !
through entrainment and ~0.1 day ~! from ice melt. The imbalance is
satisfied if cross-shore advection freshens the plume at a rate of
—2.1day . For a plume velocity of 5 cm s~ the cross-shore salinity
gradient would be ~5 x 10”*m™!, or ~5 per 10 km. This estimate
seems reasonable based on the cross-shore salinity gradients reported
by Alkire and Trefry (2006) and Trefry et al. (2009).

Our CTD measurements captured only a small portion of the under-
ice plume. The measurements of Alkire and Trefry (2006) indicate that
a similar plume, derived from the Kuparuk and Sagavanirktok rivers,
extended ~17 km offshore. In their model study, Kasper and
Weingartner (2015) modeled under-ice plumes fed by an idealized
spring freshet. They found that the plume mixes very slowly due to ice-
ocean friction and that the plume remains intact until crossing the
landfast ice edge. Based on the shears and stratification (Figs. 9 and 10a
and b), the bulk Richardson number was >300. Given the absence of
wind mixing, and that vertical shears and tidal currents are weak, the
quiescent conditions of under-ice plumes presumably allow much of the
suspended material to settle quickly.

Under open water conditions, the energy required to homogenize
the 2-layer structure of Fig. 10 to a depth of 6m is ~540 Jm™ 2
Denman and Miyake's (1973) formulation for wind mixing suggests that
it would take ~35 days to completely mix the plume to 6 m given ty-
pical July and August wind speeds of 5 m s~ '. If the Ekman transport is
largely confined to this depth, then the plume, if subjected to an up-
welling favorable wind event of 5m-s~! for 4-5 days, would be dis-
placed 30-40 km offshore (~half the shelf width) over this period.
Hence, the plume should remain largely intact during its offshore dis-
placement.

4. Discussion

Our results suggest that the inner shelf of the ABS experiences three
dynamically distinct seasons: “winter”, “break-up”, and “open-water”.
The winter season begins with ice formation in fall (~mid-October) and
ends in spring (late May/early June) with the onset of the spring fre-
shet. The month-long break-up season concludes when the landfast ice
detaches from the bottom and begins drifting. Break-up is followed by
the ~3-month long open water/drifting ice season and ends when
landfast ice forms again. Arguably, the open-water season could be
further sub-divided, with both wind and buoyancy important from July
to August and wind dominating in September and October.

The numerous biogeochemical transformations on Arctic shelves
discussed by Macdonald and Yu (2005) are affected by advective ex-
changes. Our results imply that the ABS LIZ waters undergo little along-
and cross-shelf exchange in winter in agreement with LIZ circulation
models (Ohshima, 2000; Kasper and Weingartner, 2012) that assume
ice sheets of uniform thickness and width. Exchange is further restricted
by stamukhi, or deep keels at the LIZ ice edge (Macdonald and
Carmack, 1991; Macdonald et al., 1995) and by ice edge fronts asso-
ciated with horizontal current shears or those that might develop in
conjunction with freezing in flaw leads (Melling, 1993; Macdonald
et al., 1995; Dmitrenko et al., 2005).

A consequence of limited exchange is that winter LIZ water prop-
erties may depend on conditions established by horizontal advection at
the time of landfast ice formation. These advective events can be sub-
stantial as illustrated by two examples. Fig. 11a shows the mean surface
circulation, determined by HFR, over the inner shelf for 28 September -
22 October 2006 along with time series of the along-shore winds and
surface currents at a single point within the radar mask (Fig. 11b). Over
most of this period winds were >10 m s~ and varied between easterly
and westerly with surface currents tracking the winds. The mean winds
and currents for this time period were westward at 10ms~! and
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20 cm s~ !, respectively. If the surface current speeds are representative
of those over the water column then the 25-day mean along-shore
transport within the radar mask was ~0.2 Sv westward, enough to re-
place more than half the volume of the ABS shelf inshore of the 40 m
isobath. A second example is illustrated by the mean trajectory of 22
drifters released on 8 August 2014 near Kaktovik (Fig. 12). The drifters
moved ~375 km northwestward across the mouth of Barrow Canyon in
20 days in response to sustained northeasterly winds of ~10 ms ™! and
possibly also to local dynamics operating at the canyon mouth. This
drift included a substantial offshore component, which would carry
fresh inner shelf waters into the Arctic Basin, consistent with the
findings of Guay and Falkner (1998) and Macdonald et al. (1999). Both
examples suggest that, in fall, the Mackenzie shelf is a substantial
source of the water that forms landfast ice on the ABS.

There are other possible source waters and ice for the Beaufort LIZ.
Volkov et al. (2002) and Mahoney et al. (2007a) showed that another
mechanism for the offshore expansion of the LIZ is due to pack ice in-
corporation along its seaward boundary. The waters forming this ice
may derive from a variety of sources, including the basin and the
Chukchi shelf. An example of the latter is given by the trajectories of
three 10-m drogued drifters that were deployed on the Chukchi shelf in
August 2012 (Fig. 13). All three drifters moved eastward from the
Chukchi and through Barrow Canyon by early September and then
eastward along the shelfbreak. In early November, each drifter was
trapped by drifting ice and moved back onto the Beaufort shelf where
each was incorporated into the LIZ and remained immobile through
winter. Drifters 6 and 11 overwintered on the ABS while drifter 5 was
entrapped by in the Mackenzie LIZ.

Our results suggest that sediment transport processes on the ABS
appear closely tied to the freeze and thaw cycle and consist of four
temporally discontinuous processes. First, terrestrial material released
with the spring freshet settle in the LIZ. Second, sediments are re-sus-
pended and transported by currents and waves during the open water
season, especially during fall storms (cf. Figs. 11 and 12). Hence, there
is a 3-month time lag between the sediment accumulation in spring and
fall re-suspension. The third step occurs during freeze-up, when sedi-
ments adhering to frazil ice are incorporated into the forming landfast
ice. We expect little sediment transport for the next 8 months when
currents are weak. The final step begins with spring break-up when
sediment-laden ice either melts in-situ and releases its sediment load or
is advected out of the region. The latter fate is suggested by the summer
trajectories of drifters 5, 6, and 11 (those of Fig. 13), which over-
wintered in the LIZ. Fig. 14 shows three regional Moderate Resolution
Imaging Spectroradiometer (MODIS) images from May through July
2013, on which are superimposed the trajectories of the ice-embedded
drifters along with our estimate of the offshore location of the LIZ. The
20 June image indicates that Drifter 6 was in ice that apparently broke
free of the LIZ earlier in the month although the drifter barely moved
after detachment. Drifters 6 and 11 began moving westward by 26
June, while drifter 5 remained within the Mackenzie LIZ. By early July,
however, all drifters were moving westward with the ice. They even-
tually melted free of the ice, Drifter 5 by mid-July on the ABS and
Drifters 6 and 11 in late July on the Chukchi shelf.

We found strikingly large seasonal differences in the spatial corre-
lation structure of the currents and their relationship to winds and sea
level. Winds, sea level, and along-shore currents were significantly
correlated with one another during the open water season but only
weakly so (at best) during the LIZ season. To lowest order the under-ice
momentum balance is between along-shore pressure gradients and
frictional stresses. Our derived bottom and friction coefficients, which
sum to ~7 x 10~ >m s !, are smaller than those used by Kasper and
Weingartner (2012). Our estimate was based on measurements near-
shore where the landfast ice is smooth. Similar measurements, made
under rougher ice farther offshore, may yield larger values.

The reasons for these seasonal correlation differences are not en-
tirely clear. Weak under-ice currents may account for some of the
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tervals corresponding to the dates on the x-axis of the SST plot. The dashed trajectories
are of two drifters in the cluster to provide a sense of cluster dispersion with time. Place
names are the villages of Wainwright (W), Barrow (B) and Kaktovik (K) and Smith (SB),
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figure legend, the reader is referred to the web version of this article.)
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degradation, but this explanation cannot apply to the change in wind
and sea level correlation because sea level fluctuations during the
landfast ice season were similar in magnitude to those of the open water
season. Kasper and Weingartner (2012) suggested that such differences
could arise due to along-shore variations in the LIZ width and to under-
ice topography, which can vary over horizontal scales ranging from a
few meters to tens of kilometers (Mahoney et al., 2007b).

Spatial variations in LIZ width (as suggested by the SAR [Fig. 7] and
MODIS [Fig. 14]) images and roughness will result in patchy surface
stresses. This patchiness would lead to a corrugated along-shore pres-
sure field and circulation convergences/divergences on length scales
smaller than the spatial scales of variability of the wind. Our moorings
appear to have been too far apart to resolve adequately the along-shore
velocity and pressure gradient scales in winter.

Circulation models are now beginning to address the complex ice
dynamics of LIZ basal stresses (Lemieux et al., 2015), which along with
air temperature, the thickness of the snow cover on ice, and winds
(Divine et al., 2004) affect deformation (Tucker et al., 1979) and mi-
grations of the LIZ ice-edge (Mahoney et al., 2007a). In addition, LIZ
retreats and/or break-out events may also involve ice-edge deforma-
tions induced by the sheared ice-edge jets described here and by
Dmitrenko et al. (2005) and Mahoney et al. (2007b).

5. Conclusion

The annual freeze-thaw cycle that governs runoff and the formation
and ablation of landfast ice controls the seasonality in circulation and
water mass properties in the nearshore Alaskan Beaufort Sea. In winter,
the water column is at the freezing point, under-ice currents are weak,
and cross-shore exchange appears minimal. Current variations are a
response to along-shore pressure gradients, which appear to vary over
length scales of <~100km and over time scales of days. We hy-
pothesize that the spatial scales of variability are associated with the
changes in LIZ width and under-ice topography, both of which affect
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the response to time-varying remote and local winds. Horizontal cur-
rent shears are very large along the seaward boundary of the LIZ and
may support barotropic instabilities and the structure of the landfast ice
edge. During the break-up season, river influxes stratify the inner shelf
and under-ice plumes spread offshore in response to frictional coupling
with the underside of the ice. The plume salt balance is primarily be-
tween the cross-shore advection of fresh, riverine waters and vertical
entrainment of salty waters from beneath the pycnocline. In the absence
of ice, the nearshore circulation and mixing is controlled by the along-
shore winds. These winds are particularly important in autumn for they
control the sources of waters that prevail on the inner shelf throughout
the landfast ice season.

The LIZs of arctic shelves are the Arctic Ocean's estuaries
(Macdonald and Carmack, 1991; Macdonald and Yu, 2005), where river
runoff and its terrestrial burdens are physically and biochemically
transformed before entering the Arctic basin. These processes are in-
tricately tied to the annual cycles of landfast ice and river discharge,
both of which should change under a warming climate. Prominent
amongst these changes will be an earlier spring break-up and a later fall
freeze-up (George et al., 2004; Hutchings and Rigor, 2012; Yu et al.,
2013; Mahoney et al., 2014). A shorter ice growth season will lead to
thinner, mechanically weaker landfast ice and so alter ice deformation
patterns. Warming will increase runoff and alter the seasonal phasing of
river discharge. The spring freshet should occur earlier, persist longer,
and comprise a smaller fraction of the annual discharge (and perhaps
the dissolved and particulate riverine loads) because runoff will in-
crease from summer through fall. Such changes will likely result in a re-
organization of freshwater transport and stratification patterns, bio-
geochemical cycles, and sediment processing on the Arctic Ocean's
inner shelves, and by extension the outer shelf and basin.
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