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Over the past decade, the Arctic Ocean
and Beaufort Sea ice pack has been less
extensive and thinner than has been
observed during the previous 35 years [e.g.,
Wadhams and Davis, 2000; Tucker et al.,
2001; Rothrock et al., 1999; Parkinson and
Cavalieri, 2002; Comiso, 2002]. During the
summers of 2007 and 2008, the ice extents
for both the Beaufort Sea and the North-
ern Hemisphere were the lowest on record.
Mechanisms causing recent sea ice change
in the Pacific Arctic and the Beaufort Sea
are under investigation on many fronts [e.g.,
Drobot and Maslanik, 2003; Shimada et al.,
2006]; the mechanisms include increased
ocean surface warming due to Pacific Ocean
water inflow to the region and variability in
meteorological and surface conditions. How-
ever, in most studies addressing these events,
the impact of sea ice dynamics, specifically
deformation, has not been measured in
detail.

The aim of the Sea Ice Experiment:
Dynamic Nature of the Arctic (SEDNA) proj-
ect is to improve understanding of the pro-
cesses leading to changes in the distribu-
tion of sea ice thickness as a function of
mechanical processes and spatial scaling.
For phase 1 of the SEDNA project, an interna-
tional team of researchers spent 2 weeks in
April 2007 on the sea ice of the Beaufort Sea
deploying an extensive ensemble of drift-
ing buoys and collecting in situ and satellite
data. The goal of the project was to measure
the contribution of sea ice dynamics to the
observed reduction of sea ice in the Beaufort
Sea and the Arctic Ocean.

Coordinating Observations

Understanding the impact of ice dynam-
ics on sea ice mass balance requires an
accurate representation of how mechan-
ics and thermodynamics relate to variabil-
ity in boundary forces on the ice pack.

Ice growth, melt, advection, and deforma-
tion control changes in sea ice thickness
distribution. Ice growth and melt rates
are highly variable, due to meter-scale

ice thickness and snow cover heterogene-
ity and oceanic and meteorological con-
ditions. Meter-scale spatial heterogene-
ity is controlled by the superposition of a
thermodynamic response on an ice-scape
sculpted by mechanical redistribution of
ice thickness. Mechanical deformation
occurs abruptly, predominantly in winter,
causing linearly organized regions of defor-
mation (leads and ridges).

Recent technological developments sup-
port revisiting the empirical scaling rela-
tionships between sea ice stress, strain rate,
and redistribution with measurement preci-
sion not previously possible. The ice thick-
ness distribution can be measured with sat-
ellite altimetry (SA) of sea ice freeboard
(the distance between ice top surface and

ocean); airborne electromagnetic induction
with single-beam laser altimetry (EM-bird);
surface electromagnetic induction (EMD);
and airborne laser scanner (lidar). Improve-
ments in autonomous buoys (GPS-increased
accuracy, autonomous stress sensors) and
synthetic aperture radar (SAR) ice motion
analysis allow better identification of pack
stress/strain rate relations.

Experimental Design

SEDNA is a highly coordinated effort to
directly observe pack ice stress, strain rate,
and redistribution on scales ranging from
10 kilometers to the entire Beaufort Sea.

We wished to monitor the dynamic evolu-
tion of the ice pack, which is manifest in
cracking, lead opening and shearing, ridge
building when cracks and leads close,

and the effect of lead opening on the
growth of new ice. Concurrent in situ and
remote observations limit error and allow
intercomparison between different mea-
surements of the same parameter over a
range of spatial scales. Our measurement
ensemble during phase 1 of SEDNA was
designed to resolve two key processes in
the dynamic evolution of sea ice: (1) the
relationship between pack ice stress, strain
rate, and failure, manifest in cracking and
the subsequent opening and closing of

.ﬂum:_?

April 5
— April 9

Frequency [%]
o
U IR TSR RN [T TS N W U AT A AN IS

O=Horr oo rree e e

0 2 4 6 8
Sea lce Thickness [m]

Ll

Fig. 1. (@) The Sea Ice Experiment: Dynamic Nature of the Arctic (SEDNA) array on 5 April 2007,
showing buoy positions overlaid on a RADARSAT ScanSAR B scene (red diamonds, meteoro-
logical beacons; green diamonds, GFS drifters; yellow diamond, the Applied Physics Labora-

tory ice camp with ice mass balance buoy and two stress sensors). (b) Enlargement of the
region within the yellow box in Figure 1a, showing an outer (70-kilometer radius) and inner
(10-kilometer radius) buoy array of GPS drifters (green diamonds). Ice motion vectors are plotted
every 6.4 kilometers. The continuous series of red dots, which appear as red lines, show discon-
tinuities in ice motion field, calculated between two synthetic aperture radar (SAR) images on

5 and 8 April 2007. Green squares are GPS drifters clustered in groups along individual leads.

(¢) Ice thickness distribution, estimated by airborne electromagnetic induction with single beam
laser altimetry for 5 and 9 April 2007, captures change due to deformation. (d) Enlargement of
the central region of Figure 1b, centered on the yellow square, without ice drift vectors and dis-
continuities plotted, showing the inner, 10-kilometer-radius buoy array (green circles). Blue dots
are stress buoys. Light detection and ranging (not shown) and electromagnetic induction (yellow
lines) aerial surveys of ice thickness were performed over the two scales. A submarine-based
upward looking sonar survey of the 10-kilometer region is not shown. One-kilometer calibration
transects (the green lines forming the asterisk) and a detailed ridge study allow for the inter-
comparison of all thickness measurements The yellow circle is the location of the ice camp.




leads (fractures in the pack that can be
meters to kilometers wide); and (2) the
evolution of the ice thickness distribution,
separating out dynamic from thermody-
namic changes.

GPS-located drifting buoys provide good
temporal resolution of strain rate but offer
limited spatial representation, whereas SAR
motion vector analysis provides excellent
spatial coverage but poor temporal resolu-
tion. Combining these two data sets resolves
sea ice deformation over the scales that it
is known to affect sea ice mass balance. No
single ice thickness measurement method
can fully resolve the ice thickness distribu-
tion over the scales of interest, from 1 kilo-
meter to the Arctic Basin.

To resolve dynamic changes in the thick-
ness distribution, we coordinated airborne
and surface electromagnetic induction ice
thickness measurements, airborne laser alti-
meter retrievals, submarine and autono-
mous underwater vehicle upward looking
sonar (ULS) swaths, and direct measure-
ments. Recent SA developments could pro-
vide basin-wide sea ice thickness estimates,
overcoming spatial and temporal limitations
of other methods (such as thickness esti-
mates from in situ, moored, airborne, and
submarine-borne instrumentation). However,
this requires knowledge of snow depth and
density [Giles et al., 2007]. The snow data we
collected during phase 1 of SEDNA are use-
ful for the conversion of SA sea ice freeboard
to thickness. SA thickness estimates, from
the European Space Agency’s Envisat radar
altimetry and NASA’s ICESat laser altime-
try, extend SEDNA ice thickness data to the
entire Arctic Ocean. Figure 1 illustrates how
observations have been coordinated with
nested buoy arrays and satellite data.

Buoy and satellite data, collected
throughout 2007, allow for the investiga-
tion of changes in the mechanical proper-
ties of pack ice over the winter to summer
transition. During late winter (April), coher-
ence in pack ice deformation over 70 kilo-
meters indicates effective stress propaga-
tion through the ice pack. Deformation over
70-kilometer scales becomes uncorrelated
in early May. We observe a temporally sharp
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transition from a connected winter pack

ice to spring breakup, when the mecha-
nism for stress transfer through the ice pack
changes.

The SEDNA field campaign was designed
to validate Arctic sea ice models and pro-
vide information for developing future Arctic
pack ice monitoring networks. Verifying that
models reproduce observed influences of
ice dynamics on ice thickness is essential for
representing dynamic-thermodynamic feed-
backs within climate models. SEDNA data
will be publicly available by 2010, after the
end of the International Polar Year.
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