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HUNKE AND BITZ: SEA ICE AGE CHARACTERISTICS
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Figure 1. (a) Volume and area of all Northern Hemisphere ice, (b) volume and area of perennial ice,
(c) area of seasonal ice, (d) September seasonal ice area and total ice area anomaly from the 1977 –2006
mean, and (e) average age of perennial ice and the whole Arctic ice pack. The legend for Figures 1a– 1c is
in Figure 1b, and only grid cells with more than 15% ice cover are included here and in other plotted
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Figure 5. March ice thickness, in m, for (a) 1976, (b) 1986, (c) 1996, and (d) 2006 overlain with ice age
contours in black (2-year increments), 15% area concentration contours from the model (white), and
passive microwave satellite data (red).
pack. Two- to six-year-old ice comprises much of the Fram
Strait ice export, which all melts eventually. The extended

C08013

Hunke and Bitz (2009)

and again in 2007. Figure 1d demonstrates the close
correlation between the modeled area anomaly and obser-
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water surface, which coincides with the ice underside. N
height of the EM system above the ice surface hi is measure
a laser altimeter. Ice thickness
Zi results then from th
Ice-Thickness
between the electromagnetically
determined height abo
from
surface hw and the height
above the ice
surface hi measu
Electro-magnetic
induction
laser (Fig. 1; Haas et al., 2006;
et al., 2007):
HaasPfafﬂing
et al. (2009)
Zi = hw − hi

Note that Zi is the total ice thickness, i.e. the sum of s
thickness.

Fig. 1. Principle of EM thickness sounding, using a bird with transmit
coils and a laser altimeter. Ice thickness Zi is obtained from th
measurements of the bird's height above the water and ice surf
respectively. hw is obtained with the assumption of a negligible ice
Nares Strait 2009
known water conductivity σw, and horizontal layering.

Multi-year Ice Coring
Nares Strait 2009
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“… Holes were drilled with a 2’’ auger
at 5-m intervals across the entire floe of
Eicken1250-m
and Lange:
Sea
Ice ThicknessData: The Many vs.The Few
approximiately
width
…”

•2

AIR-SNOW
INT

-•-[•-

-•- • • • • I I • • 'l''''
0

125

250

I''''l''''
370

l''''l
500

625

''''
750

I''''l''''l'
875

1000

'''
1125

I
1250

DistQnce, rn
Fig. 1. Ice and snowthicknessalongthe profile acrossthe ice floe. The Water level is at 0 m.
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MY – multi-year ice

3. Conclusions

What

conclusions can be drawn from this? Does the

determinationof ice thicknessalong a 1230-m profile
representan acceptablealternativeto a continuousscan
of ice draft for thousandsof kilometers?This is certainly
i
i
not •the case.
Yet, when comparing
the two, one might
ask in what
way
particular
floes
along
a sonarsampling
1.5
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track contribute to the overall ice thickness distribution.
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Fig. 2. Probabilitydensityfunction(pdf) of ice thickness
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Ice Profiling Sonars after impact with Petermann Ice Island 2010

Report on the Scientific Cruise of CCGS Henry Larsen, August 2007
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Figure 12. The under-side topography of an extremely thick ice floe passing over the ice-profiling sonar at Site KS30 in
Nares Strait. The lower panel is an exaggerated view of the upper panel where extent and draft have the same scale.
The floe’s maximum draft of about 44 m rivals that of feature’s observed only once before, by HMS Sovereign in 1976
2006:
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Figure 12. The under-side topography of an extremely thick ice floe passing over the ice-profiling sonar at Site KS30 in
Nares Strait. The lower panel is an exaggerated view of the upper panel where extent and draft have the same scale.
The floe’s maximum draft of about 44 m rivals that of feature’s observed only once before, by HMS Sovereign in 1976
Multi-year ice floes in Nares Strait August 2007
north of Greenland. The average thickness of this floe is estimated to be almost 30 m.

Ice Thickness from Bore Holes

Figure 13. Average ice thickness from drill-hole surveys (20-30 holes) across 9 relatively level multi-year floes in
Nares Strait. The overall average of about 7 m is typical of ice surveyed adjacent to the CAA in the 1970s

Humfrey Melling, Chief Scientist

Dr. Michelle Johnston
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Autonomous Underwater Vehicle
operating under ice

http://www.ise.bc.ca/
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WADHAMS AND DOBLE: ICE MAPPING FROM AN AUV

Sonar mapping
Of ice with AUV
(Wadhams, 2008)
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WADHAMS AND DOBLE: ICE MAPPING FROM AN AUV

L01501

Figure 2. Sonar swath west of the deployment hole, plotted at 2! vertical exaggeration, showing (right-to-left)
ice, deformed FY ice, level MY ice and a MY ice ridge. The contrasting roughness of FY and MY deformed ice
shown. The color scale shows the draft in meters. Running depth of the vehicle was 20 m. On this plot, as well a
and Figure 4, sparse solutions at the zenith have been interpolated for visual effect, but are not included in
analyses.
easier. A heated canvas hut mounted on a sled was placed
over the hole to provide shelter.

3. Results

Lead freezing
3.1. First Site
[10] During the first experiments it was found that, in the
absence of an acoustic homing system, the vehicle did not

comprises over 360,000 data points – giving relia
statistics from a relatively small area. A full desc
GeoSwath system performance is give by H
Hogarth [2005].
[12] The sonar data were ground-truthed by
10 m intervals over a 100 ! 110 m area centred on
Figure 1 shows the resulting contour plot of i
interpolated using the Kriging method – with the

of the FY ice evident in this backlit image arises from the ±3 cm standard error in individual bins.
WADHAMS AND DOBLE: ICE MAPPING FROM AN AUV
The inset suggests that the best fit to the slope parameter b
in the negative exponential
P ¼ A expð"b hÞ

ð2Þ

where P is probability density, h is ice draft, is b = 0.46.
Comparison with other sets of PDFs, for instance a set of
runs in the Trans Polar Drift Stream [Wadhams, 1992],
shows that the slope is slightly greater than ice within the
Arctic Basin (b = 0.34 at 82!N) but much less than melting
ice in the East Greenland Current south of 79!N (b in the
region of 0.9). The slope value is identical with datasets
drawn from the Arctic Basin north of Ellesmere Island and
Greenland [Wadhams, 1992, Figure 6]. This admittedly
small slice of an Arctic ice regime is therefore rather typical
of the Arctic Basin in its roughness criteria.

L01501

flexibility; Gavia has the ability to be launched vertically
through a small diameter hole which can be drilled quickly
by conventional techniques, but this would make setup and
recovery more awkward.
[21] The advent of full 3-dimensional mapping, first
attained in 2004 [Wadhams et al., 2006] and now amplified
by the flexible Gavia/GeoSwath system, literally provides a
new dimension to ice morphology studies, permitting new
types of statistic to be generated. Preferred thicknesses of
undeformed first- and multi-year ice can be determined with
precision, and the shapes of PDFs determined for small
areas of icefield, although the correlation length of about

4. Conclusions

[19] The unique contribution to Arctic ice research offered
by the Gavia/GeoSwath AUV-sensor combination stems
from two attributes: its size, and the type of imagery obtained.
[20] The use of an AUV that is small enough to be
manhandled gives a powerful boost to under-ice research,
as study
it can ridge.
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vehicle
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of special
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sts deploy
that thethe
best
fit to near
the slope
parameter
b interest
flexibility;
survey its three-dimensional underside topography
exponential
throughwith
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high precision. A continuing problem is that
the full
by conventional
techniques, but this would make setup and
advantage
of
an
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its
autonomy,
can
only
be
realised
P ¼ A expð"b hÞ
ð2Þ recovery more awkward.
if it is untethered, and this requires either a significant Figure 5. Ice draft occurrences for the various swaths

Vertical Profiles of First-Year ice in April and June
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PEROVICH ET AL.: VARIABILITY
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Perovich et al (1998)

Spectral intensity distribution of Planck’s black-body radiation as a
function of wavelength for different temperatures

Think of the SUN
as a source
of light, energy
glowing at 6000 K

Energy

=

per unit time
per unit area
per unit angle
per unit wavelenth

Intensity =

h, Planck’s constant
c, speed of light
T, temperature
k, Boltzmann constant
l, wavelength

http://physics.schooltool.nl/irspectroscopy/images/plank_black-body_radiation.png

Trenberth et al (2009)

Ice Surface Energy Balance
Fsw

Incoming shortwave radiation

-α Fsw
-I0
+Flw
-FE
+Fs
+FL
+Fc

Reflected shortwave radiation albedo α
Net influx of radiation passing
into the interior of the ice
Incoming longwave radiation
FE ~ T4 emitted longwave radiation

FS ~ u*(Ta-T) sensible heat flux

=0

FL ~ u*(qa-q) latent heat flux
FC ~ (Tf-T)/H conductive heat flux
Maykut (1978)
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PEROVICH ET AL.: SUNLIGHT AND 2007 ARCTIC SEA ICE MELT
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ure 2. Time series from August 2006 to October 2007 from the Beaufort Sea ice mass balance buoy. (top) Air
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PEROVICH ET AL.: SUNLIGHT AND 2007 ARCTIC SEA ICE MELT

L

radiation deposited in areas of open water was a pri
source of the large amount of ocean heat in 2007.
water reflects only 7% of the incident solar radia
compared to 85% for snow-covered sea ice and 65%
bare sea ice. As the ice cover decays, highly reflecting
replaced by highly absorbing ocean, resulting in
solar heat absorption and more melting. Furthermor
ice cover thinned by excessive bottom melt tran
more solar radiation directly to the ocean than the or
thicker ice cover. This is the classic ice –albedo feed
mechanism.
[10] The solar heat input directly to the upper ocean
can be estimated using the relationship
Frw ¼ Fr ð1 ! aw ÞAw ;

Figure 1. (top) The ice extent on 27 August 2007 courtesy
of the National Snow and Ice Data Center and Google maps.
The shades of blue show the percent area covered by ice
from 0% (dark) to 80– 100% (light). The red dot is the

where Fr is the incident solar irradiance, aw is the albe
the ocean, and Aw is the fractional area of ice-free o
This relationship represents a lower bound on the sola
input to the upper ocean, as it does not conside
contribution from sunlight penetrating through the ice
into the ocean.
[11] Using Equation 1, daily values of Frw from 1 Jan
2007 to 21 September 2007 were computed on a 25-k
25-km grid over the entire Arctic Ocean and adjacent
The daily values were then integrated over the entire
period to get the cumulative solar heat input. The o
albedo was set to 0.07 based on observations by Pegau
Paulson [2001]. Values of Aw were obtained from pa
microwave satellite data and Fr from operational produ
the European Center for Medium Range Weather Fore
The cumulative solar heat directly input to the ocean
1 January to 22 September in 2007 was compared to v
for the same time interval averaged over the years 1
2005 [Perovich et al., 2007].
Perovich (2008)
[12] Figure 3 shows the percent anomaly for 2007
pared to the 1979 – 2005 average. The ice mass ba

