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Abstract

An understanding of spatial gradients in sea ice motion, or deformation, is essential to
understanding ocean-sea-ice-atmosphere interactions and realistic representations of sea
ice in models used for the purposes of prediction. This is particularly important for the
southern Beaufort Sea, where significant offshore hydrocarbon resource development
increases the risk of oil and other contaminants dispersing into the marginal ice zone. In
this study, sea ice deformation is examined through evaluation of ice beacon (buoy)
triplets from September to November, 2009 in the southern Beaufort Sea (SBS), initially
identified according to distance from the coastline on deployment. Results from this
analysis illustrate differences in the evolution of ice beacon triplets at the periphery and
interior of the ice pack in the SBS. The time rate of change in triplet area highlights two
intervals of enhanced divergence and convergence in fall, 2009. Investigation of sea ice
and atmospheric conditions during these intervals shows that until mid-September, all
triplets respond to northerly flow, while during the second interval of enhanced
divergence/convergence in October only one triplet responds to persistent northeasterly
flow due to its proximity to the ice edge, in contrast to triplets located at the interior of
the pack. Differences in sea ice deformation and dispersion near the pack ice edge and
interior are further demonstrated in the behavior of triplets B and C in late October/ early
November. The results from this analysis highlight differences in dispersion and
deformation characteristics based on triplet proximity to the ice edge, with implications
for modeling studies pertaining to sea ice dynamics and dispersion.
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1. Introduction

Sea ice motion in the Beaufort Sea is characterized by large-scale anticyclonic circulation
known as the Beaufort Gyre, with reversals to cyclonic circulation during summer
months and more recently throughout the annual cycle (Preller and Posey, 1978; LeDrew
et al., 1978; Proshutinsky and Johnson, 1997; Proshutinsky et al., 2002; Lukovich and
Barber, 2006). In the Beaufort Sea ice deformation, or spatial gradients in sea ice motion,
is characterized by the formation of ridges and leads in response to atmospheric forcing
and coastline geometry (Overland et al., 1995; Hutchings et al., 2011) due to compression
against the multi-year ice (MYI) zone and North American continent (Hutchings et al.,

2005).

Previous studies have used Lagrangian dispersion statistics and ice beacon trajectories to
quantify sea ice drift and deformation in the Arctic (Colony and Thorndike, 1984, 1985;
Rampal, 2008, 2009a,b). Single-particle (absolute) statistics provide a signature of large-
scale circulation and capture linear time-dependence in fluctuating velocity variance
characteristic of turbulent diffusion theory (Taylor, 1921; Rampal et al., 2009).
Departures in ice fluctuating velocity statistics from turbulent diffusion are attributed to
intermittency associated with sea ice deformation and internal ice stress (Rampal et al.,
2009). A two-particle (relative) statistical analysis monitors sea ice deformation, and
through evaluation of buoy pair separations as a proxy of strain-rate (divergence,
convergence, and strain) components combined, demonstrates heterogeneity and

intermittency in the sea ice deformation field associated with space/time coupling
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inherent in fracturing of the sea ice cover as described by sea ice mechanics (Rampal et
al., 2008; Weiss, 2013). Rampal et al. (2008) noted that a triplet or multiple-particle
analysis is necessary to illustrate the deformation and small-scale kinematic features of
sea ice. Three -particle statistics enable a distinction between the individual strain-rate
tensor components of divergence, convergence, and shear. More specifically, sea ice
divergence depicts open water formation and accompanying processes such as new ice
growth, brine rejection to the ocean, and heat and moisture exchange. Ice convergence
depicts ridge and keel formation thus contributing to ice thickening (Stern and Lindsay,
2009; Kwok and Cunningham, 2012), with implications for ice hazard detection, oil spill
and contaminant transport and shipping route assessments within an increasingly

industrialized Arctic.

While sea ice deformation provides insight into both the amount of open water
interspersed amongst ice, and sea ice thickness due to deformation and ridging (Kwok
and Sulsky, 2010; Weiss and Marsan, 2004), statistical analysis and scaling laws for sea
ice deformation provide a signature of ice mechanics and dispersion (Girard, 2009;
Weiss, 2013). Recent modeling studies demonstrate the inability of current ice-ocean
models to capture heterogeneity and intermittency in sea ice deformation, underscoring
the need for improved understanding of ice mechanics in models (Girard et al., 2009).
This has resulted in the development of an alternative observational and modeling
framework that incorporates anisotropic features of internal ice stress (Hutchings et al.,
2011; Girard et al., 2011). Documented also in recent studies is spatial scaling dependent

on season and region, with comparatively high deformation rates and increasingly
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negative exponents during summer, at the periphery of the ice pack, or in first year ice
(FYI) associated with loss of connectivity and coherence in the ice cover (Stern and
Lindsay, 2009; Weiss, 2013). An assessment of ice beacon triplets as a measure of sea ice
deformation based on distance from the continental coastline and pack ice edge, as in the
present study, will contribute to an understanding of such scaling properties, and in
particular dispersion near the pack ice edge periphery and interior, essential to sea ice

mechanical modeling.

Previous studies have highlighted the role of forcing (namely wind stress) and coastline
geometry in establishing lead patterns/fractures in the ice cover captured by sea ice
deformation (Pritchard, 1988; Overland et al., 1995; Hutchings et al., 2005, 2011).
Overland et al. (1995) demonstrated that in the Beaufort Sea for spatial scales exceeding
100 km the sea ice cover moves as an aggregate. For scales between 1 km and 100 km the
ice cover moves as an aggregate or discrete entity based on whether an elliptic
(homogeneous) or hyperbolic (discrete) regime is established relative to the coastline,
providing a characterization of ice-coast interactions. More specifically, an elliptic
regime is characterized by diffusive behavior and spatial homogeneity in the ice pack, in
contrast to a hyperbolic regime that is characterized by propagation of discontinuities and
directionality in the ice pack (Overland et al., 1995). Furthermore, for spatial scales on
the order of 1 km the ice cover is characterized by floe, or ice-ice, interactions. An
assessment of the relation between stress and sea ice deformation as part of the Surface
Heat Budget of the Arctic Ocean (SHEBA) campaign in the western Beaufort Sea during

the 1997/1998 winter demonstrated correspondence between sea ice stress measurements
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and regional-scale (10 — 100 km) deformation activity governed both by coastal geometry
and wind direction and magnitude (Richter-Menge et al., 2002a), and highlighted the

need for both stress and deformation measurements in modeling sea ice dynamics.

Overland et al. (1995) also demonstrate correspondence in atmospheric forcing and sea
ice deformation in the Beaufort Sea over timescales exceeding 3 days, citing persistent
winds as a contributor to a fractured ice cover due to compressional waves with
comparable phase to the speed of atmospheric systems (5 — 10 m/s) associated with
internal ice stress. An assessment of the April 1991 and 1992 Arctic Leads Experiment in
the Beaufort Sea further demonstrated that for strong northerly and westerly winds lead
orientation is influenced by coastal geometry and sea ice moves as a discrete entity,
whereas for easterly winds the ice cover moves as an aggregate within a consolidated sea
ice regime. Recent studies of observed ice conditions in the SBS note that during the
2009 Amundsen cruise, a storm over open water north of the Chukchi Sea generated long-
period swells on September 6™, 2009 that penetrated 350 km into the pack ice of the
Beaufort Sea resulting in the fracture of 2 — 3 km floes into 50 — 100 m floes (Prinsenberg
et al., 2010; Asplin et al., 2012). It was further shown that the swell did not extend
eastward beyond 134.5 °W, as determined from aerial surveys and thickness
measurements on September 9" following the swell event. In the present study we
examine the correspondence between changes in sea ice deformation and surface wind
speed and direction relative to the ice edge in the Beaufort Sea between September and

November, 2009.
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Recent studies of sea ice motion in the marginal ice zone (MIZ) in the southern Beaufort
Sea (SBS) analyzed ice beacon trajectories during the fall/winter of 2007/2008 as part of
the International Polar Year Circumpolar Flaw Lead study based on absolute, or single-
particle dispersion statistics to provide a regional account of sea ice dynamics (Lukovich
et al., 2011). Results from this investigation highlighted the existence of two scaling law
regimes, namely in the zonal direction characteristic of westward advection and in the
meridional direction characteristic of a hyperbolic (strain-dominated) regime and
quasigeostrophic turbulence (Lukovich et al., 2011). Coherent ice drift features associated
with mesoscale ice dynamics, namely loop and meander reversal events in the SBS were
also investigated through analysis of relative (two-particle) Lagrangian dispersion
statistics (Lukovich et al., 2014). In the present study we examine smaller-scale features
and deformation characteristics of sea ice motion in the SBS based on a three-particle
analysis that monitors evolution in a triangular array of ice beacons during the fall of
2009. In particular, a triplet analysis is used to provide insight into sea ice convergence
and divergence at the pack ice edge and interior that is essential to an accurate
representation of sea ice dynamics in modeling studies and to our understanding of the
role of sea ice dynamics in ocean-sea-ice-atmosphere interactions. In consideration of
these objectives, we therefore examine the following research questions:
1. What is the evolution in area of ice beacon triplets during the fall of 2009?
(Sea ice convergence and divergence)
2. Is seaice deformation in fall 2009 governed by ice and/or atmospheric
forcing? How is this evolution influenced by triplet proximity to the pack ice

edge? (Sea ice and atmospheric forcing)
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Background

1.1 Triplet analysis and applications

Early studies of oceanic circulation have used multiple particles to monitor small-scale
deformation and mixing as opposed to larger-scale stirring mechanisms inherent in
single-particle statistical analyses. The change in the area of a triangular configuration or

triplet of drifters monitors the change in flow divergence, and can be expressed as

1dA_ 6u+ dv
Adt 0ox 0y

where A4 denotes the triangle area, and u and v depict the zonal and meridional
components of ocean circulation (Molinari and Kirwan, 1975; LaCasce, 2008). Negative
values correspond to convergence. Additional gradients in sea ice motion or deformation
characteristics such as vorticity, shearing and stretching can also be computed from
changes in the triplet area through rotation of the velocity vectors (Saucier, 1955). As one
reviewer has noted, studies of sea ice deformation and morphology in the context of
velocity derivatives suggests a minimum of six measurements to accurately resolve
average derivatives and reduce estimation error (Thorndike, 1986). In the present study
evolution in fractional rate of change in triplet areas rather than strain components is
investigated to measure sea ice deformation. In non-divergent flow the triplet area is
conserved so that expansion in one direction is accompanied by contraction in another
direction and the triangle becomes an elongated filament (Prinsenberg et al., 1998). Non-
conservation in area may be attributed to either divergent surface flow or, as has been

demonstrated in previous drifter studies, random perturbations superimposed on the mean
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flow (LaCasce and Ohlmann, 2003; LaCasce, 2008). Changes in the aspect ratio, defined
as the longest leg or base divided by the height, also illustrate changes in the triplet shape.
Increasing values indicate elongation and filamentation of the triangular configuration,

while decreasing values indicate an approach to an equilateral configuration.

Early applications of a Lagrangian triplet analysis include the investigation of surface
drifters in the western Caribbean (Molinari and Kirwan, 1975) and in the Gulf of Mexico
(LaCasce and Ohlmann, 2003). Both studies depict a monotonic increase in triplet area
characteristic of displacements in response to wind forcing rather than divergent surface
flow, the latter of which would be captured by both positive and negative divergence
resulting in decreases in the triplet area (LaCasce and Ohlmann, 2003). It was further
shown that a decrease in the aspect ratio in the Gulf of Mexico resembled a transition
from non-local dispersion associated with elongation of the triangles to local mixing
associated with a return to an equilateral configuration characteristic of turbulent
dispersion (LaCasce and Ohlmann, 2003), suggesting that even if material boundaries are
not resolved by the triplet area, and fluid is mixed into and out of the triangular
configuration, both the divergence and aspect ratio values can be used to provide insight
into the nature of dispersion within the enclosed area. Subsurface observations based on
sulfur hexafluoride tracer release experiments in the northeast Atlantic also demonstrated
filamentation of the tracer due to non-local stirring and subsequent mixing at smaller

scales (Ledwell et al., 1988).
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Ice beacon triplet arrays have been used in previous studies to monitor sea ice
deformation off the Canadian east coast and in Antarctica (Prinsenberg et al., 1997; Heil
et al., 2002; 2008; 2009; 2011). Studies of correspondence between ice stress,
convergence and atmospheric forcing off the southern coast of Labrador in March, 1996
showed little change in convergence within an already compact ice cover, in addition to
an increase in stress with winds and decrease in stress with temperature as the icepack
loses its ability to transmit pressure (Prinsenberg et al., 1997). These results are consistent
with studies of derived ice motion fields using synthetic aperture radar data showing sea
ice deformation and production 1.5 times higher in the seasonal than in the perennial ice
zone throughout the Arctic in late fall and winter due to differences in ice strength and
thickness (Kwok, 2006). Hutchings et al. (2011) through analysis of a nested beacon
configuration and array with spatial scales ranging from 10 km to 140 km as part of the
March 2007 Sea Ice Experiment: Dynamic Nature of the Arctic (SEDNA) campaign in
the western Beaufort Sea demonstrated coherence between 140 km and 20km divergence
arrays for time periods of up to 16 days in March and over shorter (sub-synoptic)

timescales following May.

Studies of the evolution in triangular configurations within a 24-beacon array in the
western Weddell Sea in fall, 2004 during the Ice Station POLarstern (ISPOL) experiment
indicated that changes in atmospheric circulation and winds govern sea ice deformation
on weekly timescales in this region (Heil et al., 2008). More recent observational studies
during the austral spring of 2007 as part of the Sea Ice Physics and Ecosystem

eXperiment (SIPEX) illustrated a decrease in the influence of synoptic atmospheric

10
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forcing of sea ice drift off East Antarctica relative to earlier studies despite an anomalous
increase in cyclonic intensity, and an increase in semi-diurnal motion variance.
Significant divergence in the region evidenced in triplet area increases ranging from
230% 1n the eastern to 267% in the western portion of the region was also observed (Heil

etal., 2011).

2. Methods

Sea ice drift data were obtained from an array of ten ice beacons and one ice mass
balance buoy launched from the CCGS Amundsen in the marginal ice zone of the
southern Beaufort Sea in September, 2009 (Figure 1 and Table I). From this array, four
triangular configurations were selected, hereinafter referred to as triplets A to D, to
monitor divergence and convergence of sea ice with initial inter-beacon distances of
approximately 11, 11, 11.5, and 7 km for the shortest leg, and 15, 37, 11.5, and 12.5 km
for the longest leg, respectively. Triplets A to D were deployed on MYI and labeled
according to their proximity to the continental coastline: triplet A was located closest to
the coastline, while triplet D was located furthest from the coastline. Position coordinates
were available for all beacons in: triplet A until October 6™; triplet B until November 4";
triplet C until November 25", and triplet D until November 3", yielding time intervals
with durations of 28, 56, 77, and 59 days, respectively (Table II). The temporal resolution
of the beacon data is two hours and daily averages were calculated for the analysis and

time series. Since the anticipated lifetime of the beacon batteries is at least one year, the

11
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beacon longevity may be attributed either to alternative mechanical failure or ice

deformation and ridging.

It should be noted that triplets are initially identified relative to the fixed reference of the
coastline. However their evolution and in particular sea ice divergence and convergence
are investigated relative to the dynamic frame of the pack ice edge to investigate

differences in dispersion at the pack ice edge and interior.

Triplet areas were computed from recorded beacon latitude/longitude coordinates using

Matlab®  routines and the  numerically stabilized Heron’s  formula

A= \/ s(s —a)(s — b)(s — c), where a, b, and ¢ denote the length of the sides for each
triplet, and s = %(a + b + ¢). As reported in Lukovich et al. (2011), positional accuracy

of the ice beacons ranged from dx = 2.5 to 5 m based on circular and spherical error
probability associated with the GPS module, while temporal accuracy was on the order of
nanoseconds and thus negligible. Position accuracy for the ice mass balance buoys was
less than 3m according to Garmin GPS16X-HVS product Standard GPS accuracy. Error
propagation analysis for the triangle area and triplet evolution according to Heron’s

formula yields initial error estimates on the order of

Oy = %\/(bz +c? —a?)?a? + (a? + c? — b?)?b? + (a? + b? — c2)?c? ~ 0.05, 0.12,

0.04, and 0.04 km” for triplets A to D, respectively. Ice and atmospheric conditions are

investigated according to the spatial and temporal evolution in ice beacon triplet

12



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

centroids. Ice drift velocities for each triplet centroid further highlight

acceleration/deceleration in the triplet during fall, 2009.

A diagnostic known as the local meander coefficient, which is defined as the ratio of the
total trajectory length to its net displacement over a given interval of time, has been used
in the aforementioned studies of ice beacon triplets launched in Antarctica to monitor
deviations of the beacons from their mean drift (Heil et al., 2008, 2011; Massom, 1992).
Values of one indicate linear drift characteristic of the mean, whereas values significantly
greater than one indicate erratic drift. High meander coefficients ( > 8 ) for the ISPOL
experiment in the Weddell Sea in the austral summer of 2004 were attributed to
significant anticyclonic circulation associated with tidal forcing over shallow water (<
700 m). This is in contrast to low meander coefficients (~ 4) for ice drift over deeper
water (> 900 m) less susceptible to tidal forcing (Heil et al., 2008). Even lower meander
coefficient values (~1.1 — 1.8) for the SIPEX experiment off East Antarctica in the austral
spring of 2007 were attributed to the dominant role of atmospheric forcing, namely
persistent winds, relative to tidal forcing in this region (Heil et al., 2011). In the present
study the meander coefficient is computed for the time interval during which all triplets
are defined, from September 9™ to October 6™, 2009, since its value depends both on

deployment dates and duration of the trajectories that define the beacon triplets.

Sea ice extent and type are examined using Environment Canada Canadian Ice Service
(CIS) weekly ice charts, in addition to 12.5 km resolution Advanced Microwave

Scanning Radiometer — EOS (AMSR-E) daily sea ice concentration data. Daily and
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weekly maps illustrate spatial variability of sea ice concentrations in the SBS, while also
enabling an assessment of ice conditions in the vicinity of the triplet centroids during

their evolution from September to November, 2009.

Atmospheric forcing of sea ice was monitored through investigation of North American
Regional Reanalysis (NARR) wind data (Mesinger et al.,, 2006). Atmospheric
contributions to changes in sea ice deformation were investigated using daily averages of
10m zonal and meridional winds computed from 3-hourly NARR data for the SBS to
generate time series of NARR winds highlighting the existence of on-shore and off-shore

winds that would contribute to changes in the sea ice deformation in fall, 2009.

3. Results and Discussion

3.1 Sea ice convergence and divergence

A map of trajectories for all beacons launched in fall/winter of 2009 and 2010 illustrates
the large-scale circulation pattern associated with the anticyclonic circulation in the
southern segment of the Beaufort Gyre (Figure 1). Noteworthy is the existence of small-
scale variability on the order of tens of kilometers superimposed on the larger-scale
westward advection, captured by meander coefficients computed for each beacon
duration (Table 1). Values of ~1.7 are found for beacons 9, 10, and 11 that comprise
triplet D. This is in contrast to values of ~1.3 for beacons at lower latitudes, indicating

more erratic ice drift at higher latitudes in the SBS in the fall of 2009. It should however

14



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

be noted that these values (< 2) are smaller than those encountered in the Weddell Sea (~
8) during the ISPOL experiment, as noted by Heil et al. (2008). Examination of ice
beacon triplets also shows that they follow the same general path with increased
elongation closer to the coastline until November, 2009 (Figure 1a), suggesting large-
scale coherence in the pack upon which are superimposed smaller-scale features in
response to forcing based on proximity to the ice edge associated with the tongue of MY1
evident in the SBS at the time of deployment (Fig. 1b), as is discussed further in Section

3.2.

From the array of beacons released to the west of Banks Island in September, 2009, four
triplets were initially identified according to their proximity to the coastline and fixed
frame of reference (Figs, 1 and 2). Maps of triplets and their centroids highlight spatial
differences in triplet evolution (Fig. 2), while time series capture temporal evolution in
triplet configurations (Fig. 3). The initial configuration of triplet A is confined to the
eastern Beaufort Sea (Fig. 2), and subsequently experiences horizontal deformation and
elongation near 140°W on 19 September 2009 captured by a decline in area (Fig. 3).
Triplet A then returns to pre-existing area values until early October. Triplet B initially
demonstrates intervals of a zonally elongated configuration while advected westward
(Fig. 2), captured by decreases in area on 15 and 17 September near 137 and 140 °W, and
on 15 and 22 October near 147 and 150 °W, following which the triplet area increases

(Fig. 3). Triplet B also exhibits increased temporal variability relative to other triplets.
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At higher latitudes triplet C exhibits a decrease in area on 17 September associated with
meridional alignment of the beacons near 73°N and 137°W (Fig. 2). Triplet C areas then
return to initial values until 3 November near 155°W when two beacons within the
triangular configuration are interchanged and the area begins to substantially increase
(Fig. 3). Located further north than triplet C, triplet D maintains its initial configuration,
with intervals when the beacons align within the meandering trajectory over spatial scales
on the order of tens of kilometers in the eastern Beaufort Sea. Noteworthy are regions
where the triplet D becomes “trapped” or stalled, namely near 74.5°N, 136°W, 73.5°N,
140°W, and 73.5°N, 145°W on 15 September, 7 and 15 October 2009, respectively.
Triplet D exhibits a decline to vanishing area values near 15 — 16 September as the
beacons align within a trapping regime near 74.5°N and 136°W (Fig. 2), followed by a
gradual increase in area that approaches the initial state until early November (Fig. 3).
Results from investigation of the spatial and temporal evolution in triplet area show that
all triplets respond to a single forcing event in September, with differences between
triplet behaviour providing a signature of regional variability. In October only triplet B

exhibits the largest changes in area.

Temporal evolution in triangle shape is measured through analysis of the base, height,
and aspect (base-to-height) ratio for each triplet (Fig. 4). Base values decrease with
increasing latitude, highlighting elongation closest to the coastline (Fig. 4a). A gradual
increase in base values is initially observed for triplets A to D until 14 September,
followed by equilibration in all triplet values, with an increase near 24 October for triplet

B and near 3 November for triplet C. Base values provide an interpretation of two-particle
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displacements or relative separation between a pair of particles. Constant slopes from 19
September to 14 October indicate coherence in triplet beacon trajectories over length
scales of 20 km, 30 km, and ~70 km for triplets D, C, and B, respectively, while
enhanced values following 24 October for triplet B and 3 November for triplet C indicate
a change in ice drift characteristics and transition to an alternative dynamical regime.
Height values capture triplet area behavior shown in Fig. 3, with vanishing values from
14 to 16 September evident in triplets B, C, and D, and from 15 to 22 October for triplet
B, culminating in an increase in triplet B height values following October 24" (Fig. 4a).
The absence of coherence indicative of small-scale (~ 6 km) variability is evident in
differences in height values for triplets A and B, which share two of the three beacons

comprising these triplets.

Time series for the aspect (base-to-height) ratio further highlight spatiotemporal
differences in triplet evolution and shape (Fig. 4b). As is noted in the Introduction,
decreasing values in, or negative slopes for plots of, the aspect ratios as a function of time
indicate an approach to a more equilateral configuration where the triangle base and
height are of comparable magnitude (aspect ratio ~ 1). Increasing values or positive
slopes indicate elongated triangles characteristic of filamentation. Triplets A and C
demonstrate positive slopes indicating a tendency for filamentation in the early and later
stages of development. By contrast, negative slopes for triplet B approaching early
November depict an evolution to a more equilateral configuration shown in Fig. 2. Local
maxima in the aspect ratio with values exceeding in some instances 100 for triplet B in

September and October indicate intervals of zonal alignment and shear. A local
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maximum in the aspect ratio for triplet D near 15 September corresponds to beacon
alignment within the trapping regime located near 74.5°N and 136°W (Figs. 2 and 3).
Triplets B, C, and D thus show enhanced aspect ratio values characteristic of shear
following mid-September. Triplet B shows enhanced aspect ratios in October, while
surviving triplets C and D show sustained yet decreasing shear with increasing distance

from the coastline.

As previously noted, LaCasce and Ohlmann (2003) demonstrated in the study of oceanic
drifter triplets an exponential increase in the triangle base and accompanying increase in
height, and attributed this to the superposition of a diffusive or random-walk regime upon
exponential stretching characteristic of shear. A similar increase in both triangle base and
height in triplet B in early November in the present analysis suggest that ice deformation
measured by triplet B captures analogous behavior; namely small-scale variability
superimposed on exponential stretching, westward advection, and shear associated with
anticyclonic circulation of the Beaufort Gyre evident in the elongation of triplet C in
November. As is also noted in the Introduction, LaCasce and Ohlmann (2003) and
LaCasce (2008) further showed that an elongated triplet configuration provides a
signature of non-local forcing due to large-scale shear, as with anticyclonic circulation of
the Beaufort Gyre, whereas evolution to a more equilateral configuration provides a
signature of local forcing and mixing as at the periphery of the Beaufort Gyre in the SBS.
A decrease in aspect ratios for triplet B in November in the present study thus indicates a
transition to mixing, while an increase in triplet C aspect ratios in November highlights

increasingly strain-dominated dispersion.
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Centroid velocities for each triplet illustrate intervals of acceleration/deceleration that
accompany spatiotemporal changes in triangular area, while also providing insight into
spatial coherence of beacon triplets. Non-local behavior is captured by similar ice drift
for all beacon centroids, while local differences in ice drift are captured by differences in
ice drift speed and orientation (Fig. 5). Comparison of centroid velocities highlights
intervals when sea ice in the SBS is governed non-local mechanisms, in which case it
moves as a consolidated aggregate, or local mechanisms when it moves as a fractured ice
cover governed by local interactions. All triplets show comparable ice velocities until late
September, with a decrease in ice drift and deceleration that accompanies a reduction in
triangle area near 15, 17, 19, and 21 September (Figs. 3 and 5). Comparable centroid drift
velocities are similarly observed for triplets B, C, and to a lesser extent D until October
24™ following which increased ice drift is observed for triplet B relative to other triplets,

reflecting its sudden increase in area and evolution to a more equilateral configuration.

Sea ice convergence and divergence are measured through analysis of the time (daily)
rate of change in triplet area (Fig. 6 and Table 3). Intervals of divergence and
convergence are observed from 10 to 24 September for triplets A to D, and from 8 to 26
October for triplet B. Triplet A diverges prior to 14 September 2009 near 72.5°N,
137.5°W as evidenced in an increase in triangle area and expansion in all three vertices
(Fig. 2), followed by weak convergence and divergence associated with the elongation of
the triplet and decrease in triplet area on 19 September. Amplified behavior is observed

for triplets B, C, and D, with increasing divergence/convergence duration with increasing
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latitude. Enhanced convergence is observed for triplets B, C, and D on 15, 16, and 14
September, while divergence is observed on 16, 17-18, and 17 September, respectively.
Dissimilarity in divergence/convergence for triplets A and B despite their close proximity
implies loss of coherence/fracturing in the ice cover on spatial scales on the order of ~5

km in the vicinity of 72.5°N and 136.8°W.

During the second interval (8 to 26 October) triplet B exhibits enhanced divergence (Fig.
6) on 8 October and 15 October near 145°W and 147°W when beacon trajectories
intersect, resulting in a near-alignment of the triplet array (Fig. 2) and vanishing area
(Fig. 3). Strong divergence is observed on 21 October for triplet B associated with the
filamentary structure near 151° W, prior to sustained divergence due to a significant
increase in triplet area and evolution to a more equilateral configuration westward of
155°W in November (Fig. 2). By contrast, triplet C is characterized by divergence and
convergence near 74°N, 158°W and 160°W on 13 and 15 November, respectively, in a

manner consistent with the observed increase in the base-to-height ratio (Figs. 2 and 4).

Results from this analysis demonstrate that triplets A and C evolve to an elongated
configuration and triplet B to a more equilateral configuration in the later stages of
development. Triplet D, located furthest from the coastline, is characterized by beacon
triplet alignment within trapping regimes. It is further shown that triplet area evolution is
depicted by decreasing coherence with increasing latitude evident in triangle base length
scales of 70 km, 30 km, and ~20 km for triplets B, C, and D respectively from mid-

September to October. Intervals of enhanced divergent/convergent activity are observed
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for all triplets in September and for triplet B in October. Differences in triplets B and C
near 155°W in November depict differences in dispersion. In the next section we examine
sea ice and atmospheric conditions during these intervals of enhanced divergence and

convergence.

3.2 Sea ice and atmospheric forcing

Weekly CIS ice charts from 7 September 2009 to 9 November 2009 (AMSR-E sea ice
data from September 9™ to November 14", 2009) provide a reference of changes in ice
conditions in the region encompassed by the beacon array (Fig. 7a). Noteworthy for the 7
September 2009 weekly ice chart is the tongue of multiyear ice (MYI) of 9/10 total ice
concentration with floe sizes provided by the CIS ice chart egg code on the order of 2 to
10 km, within which most ice beacons for this study were launched, surrounded by lower
ice concentration regions. A reduction in sea ice extent is observed until approximately
14 September, following which an ice cover consisting of old, thick first-year and grey
ice with total ice concentrations exceeding 9/10 associated with evolution in the tongue of
MYT is established in the SBS. New ice begins to form along the west coast of Banks
Island on 5 October. A poleward retreat in the pack ice is observed on 12 October 2009.
New ice begins to form along the northern coast of the Northwest Territories near
Tuktoyaktuk on 19 October, while ice growth connecting the marginal ice zone to the
west coast of Banks Island and pack ice (Fig. 7a) indicates the onset of ice-coast
interactions in this region. The 26 October ice chart shows that a band of first year ice

connects the shelf to the pack ice between 135°W and 150°W (depicted by ellipse in Fig.
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7a) enabling the onset of ice-coast interactions with meridional motion of the pack ice.
By 2 November a contiguous ice cover is formed with a band of new, thin (< 10cm) ice at
69°N between 140°W and 155°W, also evident in the 9 November ice chart, that would

enable increased mobility in ice-ice/ice-coast interactions due to a weaker ice cover.

Maps of weekly AMSR-E sea ice concentrations (SICs) and evolution in triplet centroid
positions for each week showing the position of each triplet relative to the ice edge also
demonstrate that the triplet A centroid is located closest to the southern ice edge for the
14 — 21 September week during which weak divergence/convergence relative to other
triplets is observed (Figs. 6 and 7b). Weak divergence/convergence relative to other
triplets is also observed for triplet D from 4 — 12 September when it is located closest to
the northwestern ice edge. By contrast, the triplet B centroid is located closest to the
southernmost ice edge for the 14 — 21 October week when strong divergence is observed,
and to both the southern- and westernmost ice edge for the 30 October - 9 November
week when weaker divergence is observed as the triplet evolves to a more equilateral

configuration.

We examine sea ice and atmospheric contributions to sea ice deformation in the context
of the two intervals during which triplets exhibit strong divergence and convergence,
namely from 10 to 24 September, and from 9 to 26 October (Fig. 6). In this and
subsequent sections, and following the terminology for coherent oceanic and ice drift
features, loop reversals refer to the spiraling motion of a triplet beacon, in contrast to

meander reversals whereby advection exceeds rotational motion (Griffa et al, 2008; Dong
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et al., 2011; Lukovich et al., 2014). Loop and meander reversals are used qualitatively in
this analysis to examine spatial coherence in triplet paths indicating intervals when the ice

cover moves as a consolidated aggregate.

During the first interval from 10 to 24 September loop reversals are observed throughout
the array, evident in triplet A, B, C, and D centroid paths on 14 September (Fig. 9),
providing an indication of coherence in the ice cover. Progressively smaller anticyclonic
loops with increasing distance from the southern ice edge and differences in the sense of
the loops highlight regional spatial variability. More specifically, triplet A, situated at the
southernmost edge of the MYI tongue within a lower (~70%) ice concentration regime
(Figs. 8a and 9) diverges on 11 September at the onset of a loop reversal event, and
during southeasterly (on-ice) wind conditions (Fig. 10). Triplet A then converges on 20
September during a northerly (off-ice) wind regime, and is characterized by horizontal
alignment at the periphery of the ice edge and Beaufort Gyre in the vicinity of 90-100%
SIC (Figs. 8a and 9). Triplet B converges on 15 September due to horizontal alignment at
the southern ice edge following the loop reversal (Fig. 9), and on 20 September due to
horizontal alignment and intersection of beacon paths within 90-100% SIC (Figs. 8b and
9) during strong (~ 4 — 6 m/s) northerly wind conditions (Fig. 10). Triplet C,
characterized by 90-100% SIC (Fig. 8c) converges on September 16™ due to meridional
alignment following a comparatively small loop reversal experienced by one of the triplet
beacons (Fig. 9) during southerly (off-ice for northernmost triplets) wind conditions (Fig.
10), following which the beacons travel as a coherent entity and the triplet area

equilibrates until early November (Fig. 3).
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At higher latitudes, and closer to the northwestern ice edge, triplet D converges on 14
September during the loop reversal experienced by all three beacons (Fig. 9), with NW to
SE alignment within a 90-100% SIC regime during northwesterly (on-ice) wind
conditions following which, as for triplet C, beacons evolve as a coherent entity. Triplet
D located in the vicinity of 74°N and 135°W also exhibits a local rotation in this
timeframe (Figs. 2 and 9) with triplet height values on the order of 100m (Fig. 4a), in
keeping with the 50-100 m peak in floe size distribution encountered to the west of
134.5°W due to the non-locally generated long-wave swell event documented by
Prinsenberg et al. (2010) and Asplin et al. (2012). Results from analysis of the first
interval highlight the existence of loop reversals in response to initial southerly and
subsequent persistent northerly winds for all triplets, general coherence within the pack in
September 2009, upon which is superimposed smaller-scale variability due to local ice
conditions and based on proximity to the southern and northwestern MYT ice edge, before

the formation of a contiguous ice cover between the pack ice and coast in late October.

During the second interval of divergent/convergent activity from 8 to 26 October triplet
B, consisting of surviving beacons located closest to the southern ice edge, diverges on 9
October and exhibits a northward drift prior to convergence and collapse of beacons near
147°W within 90-100% SIC (Figs, 8b and 9) during northeasterly (off-ice) wind
conditions (Fig. 10). Convergence of triplet B on 11 October coincides with the
appearance of a lower ice concentration regime (Fig. 8b) near 145°W during
southeasterly (on-ice) wind conditions, while divergence occurs within 90 — 100% SIC on
15 October during northeasterly (off-ice) wind conditions (Figs. 9 and 10). Furthermore,
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triplet B diverges on 21 October within 90-100% SIC at the onset of enhanced variability
in sea ice concentrations (Fig. 8b), with NW to SE alignment near 150°W (Fig. 9) due to
the intersection of beacon paths during strong (~ 6 m/s) and persistent northeasterly (off-

ice) wind conditions (Fig. 10).

Differences in sea ice deformation and dispersion near the pack ice edge and interior are
demonstrated in the behavior of triplets B and C in late October/ early November.
Divergence for triplet B following 23 October reflects an increase in area (Fig. 3)
depicting evolution to a more equilateral configuration near 155°W (Fig. 2) as beacons
approach the western edge of the ice pack uninhibited by adjacent coastlines (Fig. 7b)
during northeasterly wind conditions (Fig. 10). By contrast, comparatively weak
divergence for triplet C following 3 November reflects an increase in area (Fig. 3)
depicting its evolution to an elongated configuration near 155°W (Fig. 2) due to its
location further from the southern and western ice edges (Fig. 7b) where shear effects
dominate. These results are consistent with the aforementioned observed decrease in
aspect ratios for triplet B in November (Fig. 4b) highlighting a transition to mixing near
the western ice edge that remains uninhibited by ice-coast interactions following the
development of a contiguous ice cover in late October in response to northeasterly winds.
By contrast, an increase in triplet C aspect ratios in November highlights increasingly
strain-dominated dispersion further from the ice edge and closer to the pack interior.
Differences in sea ice divergence and convergence for triplets B and C in the later stages
of evolution near 155°W (Fig. 6) also indicate that beacons located closest to the western

ice edge in triplet B are subject to smaller-scale forcing and cross-shear transport,
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whereas beacons located further from the ice edge are subject to westward advection and

shear associated with large-scale circulation of the Beaufort Gyre.

Enhanced variability near the ice edge is also evident in the early stages of evolution in
triplets D and A, located near the northwestern and southwestern ice edge respectively of
the MYT ice tongue in early September. More specifically, triplet D beacons initially
travel perpendicular to the ice edge until the onset of strong northerly winds in mid-
September, captured in constant base, height, and aspect ratio values until 12 September
(Figs. 7b, 3 and 4). Triplet A exhibits an increase in the base and height values, with a
more rapid increase in the former, indicating the aforementioned superposition of
stretching and diffusive behavior characteristic of cross-shear transport witnessed in the
late stages of evolution for triplet B. A more gradual increase in the aspect ratio values
(Fig. 4) relative to other beacons further suggests a transition from cross-shear to along-

shear transport for triplet A with increasing distance from the southwestern ice edge.

Results from this analysis suggest that intervals of enhanced divergence/convergence for
all triplets early in the season in September provide a signature of loop reversals and
small-scale variability in response to persistent northerly winds, while intervals of
enhanced divergence/convergence for triplet B later in the season provide a signature of
significant dynamic variability and intersection of the beacon paths in response to
persistent northeasterly winds due to a fractured and highly mobile ice cover near the
southern and western ice edge. Spatial variability in triplet D located near the northern ice

edge in early- to mid-September (Figs. 7b and 8d e) captured by comparatively high
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meander coefficients (Table 1), coherence over shorter length scales at higher latitudes
from mid-September to mid-October (Fig. 4a), in addition to variability in
divergence/convergence of triplet B located near the southern ice edge until late October
and western ice edge until early November (Figs. 7b and 8b) further highlights
differences in dispersion characteristics between the periphery and interior of the ice

pack.

Overland et al. (1995) demonstrated that over length scales ranging from ice floe
interactions at 1 km to 100 km a hyperbolic (discontinuous) ice regime is established in
response to northerly and westerly winds due to ice-coast interactions. By contrast, an
elliptic (diffusive) regime is established in response to easterly winds and when the pack
ice is not contiguous with the coast. In the present analysis, triplets B, C, and D all show
enhanced aspect ratios and intervals of divergence/convergence characteristic of shear in
response to northerly winds following mid-September as triplets B and C travel parallel
to the southern ice edge and triplet D travels parallel to the northwestern ice edge defined
by the tongue of MYI, in a manner consistent with the hyperbolic regime described by
Overland et al. (1995). Similarly in October, triplet B shows enhanced shear, and triplets
C and D decreasing shear with increasing distance from the southern ice edge during
predominantly northeasterly wind conditions and prior to the development of a
contiguous ice cover between the pack ice and coast. However, triplet B evolves to a
more equilateral configuration characteristic of cross-shear transport and mixing at the
western ice edge in November in response to northeasterly winds, whereas triplet C,

located further from the ice edge, continues to experience along-shear transport.
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Similarly, beacons comprising triplets A and D located near the northwestern and
southwestern edge of the MYTI tongue travel perpendicular to the ice edge in the early
stages of evolution, highlighting differences in dispersion at the pack ice edge and

interior.

Richter-Menge et al. (2002a) also documented contributions from coastal geometry and
wind direction to deformation activity in the southern Beaufort Sea, noting propagation of
leads away from the shore with consolidation of the seasonal and perennial ice zone, and
found coherence in sea ice drift and deformation over spatial scales of 200 km.
Furthermore, Stern and Lindsay (2009) found reduced deformation within the MYI
regime — as was found in the present study for triplets C and D during intermediate stages
of evolution within the pack interior — in addition to ‘localization’ describing the
strengthening of deformation at the smallest scales in support of a fracture as opposed to
continuum description of ice deformation. Results from the present analysis confirm
these findings and further illustrate, through evaluation of beacon triplets and small-scale
deformation, spatial variability in dispersion at the pack ice edge and interior, with
enhanced cross-shear transport in response to off-ice wind conditions. In addition, weak
divergence/convergence implies an approach to a more equilateral configuration. Strong

divergent/convergent activity suggests strong shear associated with along-shear transport.

These results are also consistent with those found in Lukovich et al. (2011), whereby
zonal dispersion is characterized by the ballistic regime associated with anticyclonic

circulation and westward advection at the southern segment of the Beaufort Gyre; and the
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hyperbolic (strain-dominated) regime associated with northward and southward
displacements in the meridional direction. In the present study, differences in the latter
stages of evolution in triplets B and C document similar behavior in terms of westward
advection further from the ice edge and increased diffusive behavior associated with

cross-shear transport at the western pack ice edge not contiguous with the coast.

It is also interesting to note that ice beacon trajectories track the memory of the ice edge
and act as a prelude to the fracturing of the ice cover and polynya openings (Fig. 9), in a
manner consistent with the observation that directionality and history govern regional ice
dynamics (Coon et al., 1992; Overland et al., 1995). Beacon trajectories associated with
triplets B and D in October and November follow both the southern and northern ice
edges at the periphery of the MYI tongue in the SBS established/evident in mid-
September (Fig. 9a). Furthermore, loop reversal events associated with increased
divergent/convergent activity in triplets B and C in mid-September provide a signature of
lower ice concentration regimes that emerge in mid-October (Fig. 9). Correspondence
between beacon trajectories, triplet evolution and upcoming and antecedent ice conditions
at the pack ice edge highlight the nature of spatiotemporal coupling in sea ice drift and

dispersion in fall, with implications for forecasting and prediction.

Conclusions

In this study we investigate sea ice divergence and convergence in the southern Beaufort
Sea from September to November 2009 based on an assessment of ice beacon triplets

initially delineated according to their distance from the coastline, with triplet A centroids

29



659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

located closest to the continental coastline, and triplet D located furthest from the
coastline. Results from this analysis highlight differences in dispersion at the periphery
and interior of the ice pack. Investigation of sea ice divergence and convergence shows
enhanced elongation closer to the coastline, evident in decreasing triplet base values with
increasing latitude. Triplets also exhibit spatiotemporal differences in their evolution.
Triplets A and C evolve to an elongated configuration characteristic of a filament,
whereas triplet B evolves to a more equilateral configuration westward of 155°W
following 23 October 23™ 2009. Triplet D is confined to the eastern segment of the
Beaufort Sea until November 2009. It is further shown that triplet area evolution is
depicted by decreasing coherence with increasing latitude, evident in triplet base length
scales of ~70 km, 30 km, and 20 km for triplets B, C, and D respectively from mid-

September to October.

The time rate of change in triplet area highlights two intervals of enhanced divergence
and convergence in fall, 2009: one interval from 10 to 24 September for triplets A to D,
and a second interval from 9 to 26 October for triplet B. Investigation of sea ice and
atmospheric conditions during these intervals of enhanced divergence/convergence show
that until mid-September, all triplets respond to northerly flow. Loop reversals observed
throughout the array provide an indication of coherence in the ice cover. Progressively
smaller anticyclonic loops at higher latitudes and differences in the sense of the loops
highlight spatial variability associated with local ice conditions and proximity to the
southern and western MYT ice edge, prior to the formation of a contiguous ice cover

between the pack ice and coast in late October. During the second interval of
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divergent/convergent activity from 9 to 26 October, enhanced divergence/convergence is
observed for triplet B at the southern ice edge. Differences in triplets B and C near
155°W in November illustrate differences in dispersion at the periphery and interior of
the ice pack based on proximity to the western ice edge in the SBS. Triplet B evolves to a
more equilateral configuration captured in decreasing aspect ratios indicative of mixing
near the western ice edge in response to northeasterly winds, unimpeded by adjacent
coastlines, whereas triplet C evolves to an elongated configuration captured by increasing
aspect ratio values indicative of strain-dominated dispersion further from the ice edge and

closer to the pack interior.

Results from this investigation are in keeping with earlier studies documenting hyperbolic
(discontinuous) ice regimes in the SBS in response to northerly and westerly, and elliptic
(diffusive) ice regimes in response to easterly winds characteristic of free drift conditions.
Highlighted also is spatial variability in dispersion characteristics within the ice pack
based on proximity to the ice edge. Following mid-September triplets B, C, and D show
enhanced aspect ratios and intervals of divergence/convergence representative of shear in
response to northerly winds as triplets B and C travel parallel to the southern MYT edge
and triplet D travels parallel the northwestern MYT edge in a manner consistent with the
hyperbolic regime. Similarly, in October, triplet B exhibits enhanced shear closest to the
ice edge, and triplets C and D reduced shear in response to predominantly northeasterly
winds, prior to the development of a contiguous ice cover between the ice pack and
continental coast. However, in late October/early November, triplet B experiences cross-

shear transport and mixing characteristic of an elliptic regime in response to northeasterly
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winds at the western edge of the ice pack, in contrast to triplet C which continues, further
from the ice edge, to experience along-shear transport characteristic of the hyperbolic

regime.

The use of ice beacon triplets provides an approach that complements spatial scaling
analyses through an assessment of sea ice deformation at the pack ice edge and interior.
In demonstrating a strong sea ice deformation response to persistent northerly winds
throughout the ice pack in September 2009, and to persistent northeasterly winds at the
periphery of the ice pack in November 2009, the results from this analysis underline the
importance of atmospheric forcing and proximity to the ice edge as the pack ice becomes
contiguous with the continental coastline during fall. Correspondence between beacon
trajectories, triplet evolution and upcoming and antecedent ice conditions at the pack ice
edge further highlight the nature of spatiotemporal coupling in sea ice drift and dispersion
in fall, with implications for forecasting and prediction. An understanding of differences
in dispersion and deformation at the ice edge and interior will be of increasing
importance with continued loss in MY, decline in summertime sea ice extent, sea ice
edge retreat and, as is illustrated in the present ice beacon triplets analysis, the
establishment of a sea ice regime characteristic of the marginal ice zone and increased
mixing at the pack ice edge. Of interest for future modeling work and field campaigns is
an assessment of sea ice deformation impacts on ocean-sea-ice-atmosphere dynamic
interactions and turbulent exchange between the ocean and the atmosphere under varying
ice and atmospheric conditions, which would contribute to improved representation of

sea ice dispersion in modeling studies used for the purposes of prediction.
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Figure captions

Figure 1a. Map of study area and winter 2009/10 beacon trajectories superimposed on
AMSR-E sea ice concentrations for September 9™, 2009 and depicting the marginal ice

zone on deployment.

Figure 1b. Map of study area and winter 2009/10 beacon trajectories. Blue, red, black and
magenta indicate triplets A, B, C, and D, respectively, with triplet A located nearest to the
coastline, and triplet D located furthest from the coastline. Triangles depict triplets on
deployment on September 9" and, traveling westward, on September 15", October 1*,
15" and November 1%, respectively, and illustrate elongation of triplets located closest to

the coastline.
Figure 2. Ice beacon trajectories for (from bottom panel) triplets A, B, C, and D. (Note
the difference in scale.) Right-hand panel in second row from bottom depicts the initial

evolution in triplet B.

Figure 3. Semilog plot of triangular area by date for ice beacon triplets A to D.

Figure 4. Semilog plot of the triangle a) height and base, and the b) aspect (base-to-

height) ratio as a function of date for triplets A to D.
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Figure 5. Centroid ice drift velocity (in m/s) as a function of date for triplets A (bottom)

to D (top).

Figure 6. Evolution in sea ice divergence and convergence for triplets A to D from a)

September 9, 2009 to November 12, 2009 and b) September 9, 2009 to October 4, 2009.

Figure 7a) Canadian Ice Service (CIS) weekly ice charts from September 7, 2009 to
November 9, 2009. Ellipses depict the consolidation of marginal ice to the coast and
perennial ice pack on October 19" and 26™. Triangles depict the approximate location of

triplet centroids during intervals of enhanced divergence/convergence.

Figure 7b) Maps of weekly AMSR-E sea ice concentrations in addition to weekly
evolution in triplet centroids showing proximity of triplets to the ice edge from
September 4™, 2009 to November 14™, 2009. Note that triplet B centroids are depicted by

white markers to distinguish beacon paths from 100% ice concentrations.

Figure 8. Evolution in mean (black solid line), minimum and maximum (red dashed line,
left axis) sea ice concentrations, and divergence (red solid line, right-axis) within a ~25

km triplet centroid radius for triplets A to D.

Figure 9. Ice beacon triplet trajectories superimposed on selected daily maps of SIC

during intervals of enhanced divergence/convergence (September 14™ and 22™, and
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788  October 15™ and 20™, 2009). Note that the trajectory colour for triplet B is red in

789  September and blue-grey in October to distinguish beacon paths from 100% sea ice

790  concentrations.

791

792  Figure 10. Daily local NARR wind vectors for the area surrounding the triplet centroids
793  from September to November, 2009.

794
795

796

36



797

798
799
800
801
802

803
804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

References

Asplin, M. G., R. Galley, D. G. Barber, and S. Prinsenberg, 2012: Fracture of summer
perennial sea ice by ocean swell as a result of Arctic storms, J. Geophys. Res., 117,

C06025, doi:10.1029/2011JC007221.

Barber, D.G., R. Galley, M. G. Asplin, R. De Abreu, K. - A. Warner, M. Puc¢ko, M.

Gupta, S. Prinsenberg, and S. Julien, 2009: Perennial pack ice in the southern Beaufort
Sea was not as it appeared in the summer of 2009. Geophys. Res. Lett., 36, L.24501,

doi:10.1029/2009GL041434, 2009

Dong C., Liu Y., Lumpkin R., Lankhorst M., Chen D., McWilliams J.C. and Guan Y., A
scheme to identify loops from trajectories of oceanic surface drifters: an application in the
Kuroshio extension region, J. Atmos. Ocean. Technol. 28,2011, 1167-1176,

doi: 10.1175/JTECH-D-10-05028.1

Girard, L., J. Weiss, J.M. Molines, B. Barnier, and S. Bouillon, 2009: Evaluation of high-
resolution sea ice models on the basis of statistical and scaling properties of Arctic sea ice
drift and deformation, J. Geophys. Res. — Oceans, 114, C08015, doi:

10.1029/2008JC005182

37



819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

Girard, L., S. Bouillon, J. Weiss, D. Amitrano, T. Fichefet, V. Legat, 2011: A new
modeling framework for sea-ice mechanics based on elasto-brittle rheology, Ann.

Glaciology, 52(57), 123 — 132.

Griffa, A., R. Lumpkin, and M. Veneziani, 2008: Cyclonic and anticyclonic motion in the

upper ocean, Geophys. Res. Lett., 35, L01608, doi:10.1029/2007GL032100.

Heil, P., and W.D. Hibler, 2002: Modeling the high-frequency component of Arctic sea

ice drift and deformation, J. Phys. Oceanography, 32, 3039 — 3057.

Heil, P., J.K. Hutchings, A.P. Worby, M. Johansson, J. Launiainen, C. Haas, and W.D.
Hibler, 2008: Tidal forcing on sea-ice drift and deformation in the western Weddell Sea
in early austral summer, 2004, Deep-Sea Res., Part II — Topical studies in oceanography,

55(8-9), 943-962.

Heil, P. R.A. Massom, I Allison, A.P. Worby, and V.I. Lytle, 2009: Role of off-shelf to
on-shelf transitions for East Antarctic sea ice dynamics during spring 2003, J. Geophys.

Res. — Oceans, 114, C09010, doi:10.1029/2008JC004873.

Heil, P., R.A. Massom, I. Allison, A.P. Worby, 2011: Physical attributes of sea-ice

kinematics during spring 2007 off East Antarctica, Deep-Sea Res., Part II- Topical

studies in oceanography, 58(9-10), 1158 — 1171.

38



842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

Hibler, W.D., 1979: Dynamic thermodynamic sea ice model, J. Phys. Oceanography,

9(4), 815-846.

Hutchings, J.K., P. Heil, and W. D. Hibler III, 2005: Modeling linear kinematic features

in sea ice, Mon. Weath. Rev., 133(12), 3481 — 3497.

Hutchings, J. K., and W. D. Hibler III (2008), Small-scale sea ice deformation in the
Beaufort Sea seasonal ice zone, J. Geophys. Res., 113, C08032,

doi:10.1029/2006JC003971.

Hutchings, J.K., ed. 2009. The Sea Ice Experiment: Dynamic Nature of the Arctic
(SEDNA). Fairbanks, AK, University of Alaska. International Arctic Research Centre.

Applied Physics Laboratory Ice Station. (APLIS 2007 Field Report IARCTP(09-0001)

Hutchings, J.K., A. Roberts, C. Geiger and J. Richter-Menge. 2011: Spatial and temporal

characterization of sea-ice deformation. Ann. Glaciol., 52(57), 360 — 368.

Kwok, R., 2006: Contrasts in sea ice deformation and production in the Arctic perennial

and seasonal ice zones, J. Geophys. Res., 111, C11S22, doi:10.1029/2005JC003246.

39



862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

Kwok, R., and D. Sulsky, 2010: Arctic Ocean sea ice thickness and kinematics: Satellite

retrievals and modeling, Oceanography, 23, 4, SI, 134-143..

Kwok, R., and G.F. Cunningham, 2012: Deformation of the Arctic Ocean ice cover after
the 2007 record minimum in summer ice extent, Cold Reg. Sci. and Tech., 76 — 77, 17 —

23.

LaCasce, J.H., 2008: Lagrangian statistics from oceanic and atmospheric observations,

Lect. Notes Phys., 744, 165-218.

LeDrew, E. F., D. Johnson, and J. A. Maslanik, 1991: An examination of atmospheric
mechanisms that may be responsible for the annual reversal of the Beaufort Sea ice field,

Int. J. Clim., 11, 841- 859.

Lukovich, J. V., and D. G. Barber, 2006, Atmospheric controls on sea ice motion in the

southern Beaufort Sea, J. Geophys. Res., 111, D18103, doi:10.1029/2005JD006408.

Lukovich, J.V., D.G. Babb, and D.G. Barber, 2011:0n the scaling laws derived from ice
beacon trajectories in the southern Beaufort Sea during the International Polar
Year - Circumpolar Flaw Lead study, 2007-2008, J. Geophys. Res., 116, C0O0G07,

doi:10.1029/2011JC007049.

40



882  Lukovich, J.V., C. Bélanger, D.G. Barber, Y. Gratton., 2014:0n coherent ice drift

883  features in the southern Beaufort sea. Deep Sea Research Part I: Oceanographic
884  Research Papers 92, 56-74.

885

886
887  Massom, R.A., 1992: Observing the advection of sea ice in the Weddell Sea using buoy

888  and satellite passive microwave data. Journal of Geophysical Research 97, 15,559—

889  15,572.

890

891  Mesinger, F., G. DiMego, E. Kalnay, K. Mitchell, P.C. Shafran, W. Ebisuzaki, D. Jovic,
892  J. Woollen, E. Rogers, E.H. Berbery, M.B. Ek, Y. Fan, R. Grumbine, W. Higgins, H. Li,
893 Y. Lin, G. Manikin, D. Parrish, W. Shi, 2006: North American regional reanalysis,

894  Bulletin of the American Meteorological Society, 87 (3), 343 — 360.

895

896  Molinari, R., and A.D. Kirwan, 1975: Calculations of differential kinematic properties
897  from Lagrangian observations in western Caribbean Sea, J. Physical Oceanography, 5(3),
898  483-491.

899

900  Overland, J.E., 2011: Potential Arctic change through climate amplification processes,
901  Oceanography, 24(3), 176-185.

902

903  Preller, R. B., and P. G. Posey, 1989: A numerical model simulation of a summer reversal
904  of the Beaufort Gyre, Geophys. Res. Lett., 16, 69— 72.

905

41



906  Prinsenberg, S.J., A. van der Baaren, G.A. Fowler, .LK. Peterson, 1997: Pack ice stress
907  and convergence measurements by satellite-tracked ice beacons, Oceans 97 MTS/IEEE
908  Conference, Halifax, Canada, Oceans 97 MTS/IEEE Conference Proceedings, Vols. 1
909 and2, 1283 —1289.

910

911  Prinsenberg, S.J., G.A. Fowler, A. van der Baaren, 1998: Pack ice convergence

912  measurements by GPS-ARGOS ice beacons, Cold Regions Science and Technology,
913  28(2), 59-72, doi: 10.1016/S0165-232X(98)00013-5.

914

915  Prinsenberg, S., I. Peterson, D. Barber, and M. Asplin, 2010: Long period swells break up
916  the Canadian Beaufort Sea pack ice in September 2009, Twentieth (2010) International
917  Offshore and Polar Engineering Conference, Beijing, China, June 20-26, 2010.

918

919  Pritchard, R.S., 1988: Mathematical characteristics of sea ice dynamics models. J.

920  Geophys. Res., 93, 15609 — 15618.

921  Proshutinsky, A. and M.A. Johnson, 1997: Two circulation regimes of the wind driven

922 Arctic Ocean. J. Geophys. Res., 102, 12493-12514.

923  Proshutinsky, A., R. H. Bourke, and F. A. McLaughlin, 2002: The role of the Beaufort
924  Gyre in Arctic climate variability: Seasonal to decadal climate scales, Geophys. Res.
925  Lett., 29(23), 2100, doi:10.1029/2002GL015847.

926

927  Rampal, P., J. Weiss, D. Marsan, R. Lindsay, and H. Stern, 2008: Scaling properties of

42



928

929

930

931

932

933

934

935

936

937

938
939
940
941
942
943

944

945

946

947
948
949
950
951

952

sea ice deformation from buoy dispersion analysis, J. Geophys. Res., 113, C03002,

doi:10.1029/2007JC004143.

Rampal. P., J. Weiss, D. Marsan and M. Bourgoin, 2009a: Arctic sea ice velocity field:
General circulation and turbulent-like fluctuations, 114, C10014,

doi:10.1029/2008JC005227.

Rampal, P., J. Weiss, and D. Marsan, 2009b: Positive trend in the mean speed and
deformation rate of Arctic sea ice, 1979-2007, J. Geophys. Res., 114, C05013,

doi:10.1029/2008JC005066.

Richter-Menge, J.A., S. L. McNutt, J.E. Overland and R. Kwok, 2002a: Relating Arctic
pack ice stress and deformation under winter conditions. J. Geophys. Res., 107, C10,

doi:10.1029/2000JC000477.

Richter-Menge, J. A., B. Elder, K. Claffey, J. Overland, and S. Salo, 2002b:, In situ sea
ice stresses in the western Arctic during the winter of 2001-2002, in Proceedings of the
16th IAHR International Symposium on Ice, edited by V. A. Squire and P. J. Langhorne,

pp. 131-138, Univ. of Otago, Dunedin, New Zealand.

Saucier, W.J., 1955: Principles of meteorological analysis, University of Chicago Press,

Chicago, IL, 438 pp.

Taylor, G. 1., 1921: Diffusion by continuous movements, Proc. London Math. Soc., s2-

20, 196-212, doi:10.1112/plms/s2-20.1.196.

43



953  Thorndike, A.S., 1986: Kinematics of sea ice, in The Geophysics of Sea ice, NATO ASI
954  Series, edited by N. Untersteiner, pp. 489 — 549, Springer, U.S.

955

956  Weiss, J., and D. Marsan, 2004: Scale properties of sea ice deformation and fracturing,
957  Comptes Rendus Physique, 5 (7), 735 — 751.

958
959  Weiss, J., 2013: Drift, Deformation, and Fracture of Sea Ice: A perspective across scales,

960  Springer, London, 83pp.

44



