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Observational sea ice data are necessary for processing and improvement of satellite remote
sensing products from SAR (Synthetic Aperture Radar) and altimetry. High resolution, multi-
polarisation SAR data from the Radarsat-2 satellite contains additional information besides what
one can extract from visual interpretation. However, the optimal way for retrieving the most
interesting information about sea ice classes and properties remains a challenge. We have been
conducting studies that combined the use of sea ice and snow thickness data, airborne
photography, sea ice and snow physical property data, and satellite data. Statistical analysis of
Radarsat-2 quad-pol scenes combined with ice thickness and camera helicopter transects reveals
the potential of novel SAR image analysis over sea ice. Observational data were used to label
statistically-derived segments of sea ice surfaces from SAR data with specific classes, for Arctic
sea ice with different characteristics and conditions. The development of methods to derive sea
ice freeboard and thickness from satellite-based altimeters using radar or laser has been an active
field of research since the 1990’s. Airborne and in situ observations are used to evaluate and
validate these satellite ice thickness products by direct inter-comparison. Furthermore, in situ
data are used to assess the penetration of the radar or laser signal into the snow pack, and to
provide updated snow and ice properties for improving freeboard to thickness conversations. An
outlook is given focusing on near future calibration and validation over Arctic sea ice in
connection with a drift station experiment north of Svalbard in 2015.
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1. Introduction

The sea ice types and properties in the Arctic are changing on different time scales; short term,
seasonal and long term. Over the past couple of decades Arctic sea ice has changed to an, on
average, younger and thinner ice cover. Its extent is substantially reduced relative to the 1980s
and 1990s (see e.g. IPCC 2013). Quantification of the status of sea ice in the Polar regions is
crucial in various contexts. In climate science, knowledge of the sea ice mass balance and of the
existing ice types are important for climate modeling, and for estimates of effects of climate
change. With regard to human activities in the Polar seas such as shipping and exploitation of
natural resources, knowledge of physical ice properties is important since they can affect these
activities substantially. Satellite remote sensing provides opportunities for large-scale
observations of sea ice. However, in situ and airborne observations and measurements are
indispensable for the validation and calibration of these observations. Here we briefly discuss
combinations of in situ, airborne and satellite remote sensing data from Arctic sea ice, towards
the calibration and validation of satellite products.

2. Methods

Airborne Ice thickness measurements

Measuring ice thickness from air with electromagnetics (EM) is a well established method that
measures the varying electrical conductivity of seawater, sea ice, and snow cover through the use
of emitting and receiving EM fields from one or more pairs of coils (Kovacs et al. 1987; Haas et
al. 2009, Renner et al. 2013a). Such systems also commonly include a laser altimeter. In the
setup used here, both the electromagnetic coils and the laser altimeter are placed in a torpedo-
shaped casing, hanging under a helicopter or aircraft, and flown about 15 m above the sea ice
surface (Fig. 1).

Figure 1. Sea ice thickness sensor with electromagnetic system and laser altimeter, hanging
under a helicopter, and an automatic camera mounted on the helicopter (Photo: S. Gerland).
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The electromagnetic components make it possible to determine the distance from the sensor to
seawater under the sea ice, because seawater is a good electrical conductor. The laser altimeter
measures the height of the sensor above the sea ice and snow surface. The difference of the two
distances infers the total ice thickness (ice plus snow) over a typical measurement footprint of
50 m. Transects of several hundred kilometres can be flown in a single helicopter flight.

Airborne photography

Photography of the sea ice surface from helicopter is used to provide detailed information on sea
ice types, characteristic surface features (e.g. melt ponds, ridges), floe size and lead distributions.
Previous studies have described imagery analysis with combinations of systematic airborne
surveys and ice thickness measurements, using different approaches of ice classification
(Pedersen et al. 2009, Renner et al. 2013b). When these measurements are combined with
satellite remote sensing, the interpretation of surface features in radar imagery can be improved
(see below and Moen et al. 2013).

In situ measurements

Direct in situ measurements often give the best spatial resolution and the highest accuracy levels,
but the amount of data that can be collected is rather limited, mainly due to practical constraints.
Additionally, measurements are restricted to ice that is thick and safe enough to walk and work
on. In situ measurements are frequently obtained to calibrate indirect measurements from the air
(e.g. Renner et al. 2013a), or from below the ice (e.g. upward looking sonar, see Hansen et al.
2013). Among direct measurements done in conjunction with the studies reviewed here are: ice
thickness and freeboard surveys on individual ice stations using drilling, stakes, ground
electromagnetics, snow pit surveys for snow physical properties, and optical measurements (see
e.g. Forsstrom et al. 2011; Haapala et al. 2013).

Satellite surveys

This study has a dual focus on both high resolution SAR satellite observations; and satellite
altimetry surveys. Imagery from the Canadian RADARSAT-2 SAR can be obtained in different
resolutions; however, the highest resolution and image sizes of 25 km x 25 km, acquired with
four polarization channels, were used here (quad-pol, see Moen et al. 2013). The other satellite
airborne and in situ calibration and validation measurements were obtained for is CryoSat-2,
operated by the European Space Agency (ESA). CryoSat-2 carries a radar altimeter designed for
measurements of the Earth’s cryosphere (Wingham et al. 2002; Laxon et al. 2013). One of the
tasks CryoSat-2 has is to measure changes in sea ice freeboard, from which changes in sea ice
thickness can be estimated. The conversion from freeboard to thickness requires realistic
estimates of snow and sea ice densities, and snow thicknesses (see Gerland et al. 2013a, b;
Ricker et al. 2014).

3. Examples of results

Imagery and products from SAR show variability in sea ice features and characteristics which
are not always straight forward to interpret. The amount of detail indicates a large potential to
retrieve additional information from such products. In an experiment conducted in spring 2011
north of Svalbard, in situ studies were coordinated with airborne and satellite remote sensing
from RADARSAT-2. Several quad-pol images were obtained. For one of them, a coincident
helicopter overflight with an x-shape pattern was performed. The helicopter carried an automatic
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camera and an ice thickness sensor. A segmentation algorithm was applied on the quad-pol
image. The resulting segmentation was compared with airborne and in situ information (Moen et
al. 2013; Fig. 2).
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Figure 2. Left: Segmentation result of a RADARSAT-2 quad-pol 25 km x 25 km image,
obtained over sea ice north of Svalbard, with the flight line of the helicopter transect (black) and
selected photos from airborne photography. Right: Probability density functions for airborne-
measured total ice thickness, for the different color-coded segments. From Moen et al. (2013).

Results from this experiment were very promising. As this example contains snow-covered sea
ice in spring, it was absolutely essential to have a combination of photography and ice thickness
measurements in order to distinguish between different ice classes, since one of the two methods
alone would not have been sufficient to detail specific sea ice characteristics. An ongoing
investigation will apply these findings to the analysis of several more sea ice images with similar
characteristics. Observations were also made over late summer sea ice in Fram Strait with little
or no snow cover (Gerland et al. 2013a). Such sea ice can be more readily assessed from photos,
but radar responses can be more difficult to interpret, depending on the surface conditions, state
of melt, and presence of melt ponds with or without ice cover.

During recent years, since the launch of ICESat and CryoSat-2, enhanced satellite altimetry
calibration and validation have been developed as one of the major purposes of these satellites is
to measure sea ice freeboard. In our study (see Gerland et al. 2013b), we follow up on three
issues: (i) what are representative levels of snow thicknesses on Arctic sea ice for specific
regions and times of season, (ii) how do snow properties affect the penetration of the altimeter
signal (in our case the radar signal of CryoSat-2) into the snow layer, and (ii) how do ice
thicknesses of first year sea ice compare to estimates from CryoSat-2 measurements. Several
expeditions of the Norwegian Polar Institute in the regions north of Svalbard and in Fram Strait
during past years have contributed to these tasks. The activity in spring 2011 had a coordinated
field campaign that combined detailed in situ studies, data collected from helicopter and aircraft,
and satellite overpasses (Gerland et al. 2013b). The preliminary results clearly indicated that
altimeter radar signals may not fully penetrate spring snow layers over first year sea ice in the
Arctic. Preliminary freeboard levels derived from CryoSat-2 and airborne radar data were
substantially larger than freeboard derived from in situ measurements (Gerland et al. 2013b).
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4. Preliminary conclusions and outlook

Ongoing studies show that in situ and airborne sea ice measurements are essential in validating
improved information from SAR and altimetry satellite products. Comparison of sea ice
classification from RADARSAT-2 quad-pol imagery by sea ice specialists with a semi-
automated method of statistical segmentation and use of airborne photography and thickness
measurements showed a significant potential (see Moen et al. 2013). Within radar altimetry,
different studies show that penetration of radar signals in snow is not always applicable to Arctic
snow cover on sea ice in spring, and that new sensor systems demand research on various issues
related to data processing, such as signal retracking (Gerland et al. 2013a, b, Ricker et al. 2014).
The three issues of retracking altimeter signals, penetration depth of signals into the snow, and
knowledge of snow thicknesses and snow densities, all contribute to the uncertainty of satellite
altimeter based ice thickness estimates. An agreement between satellite altimeter sea ice
thickness estimates with in situ or airborne measurements does not necessarily mean that all
three issues have been sufficiently resolved. It is possible that biases from different measurement
techniques or assumptions can compensate each other. However, measurements from other cases
that contain different snow and ice properties may not correspond. Therefore we need to include
additional datasets to calibrate and validate CryoSat-2 data. Further data analysis and collections
are planned in the near future.

In 2015, the research vessel RV “Lance” of the Norwegian Polar Institute will be in first-year sea
ice in the Arctic Ocean for a 6 month field campaign, “N-ICE2015”. During this expedition, the
transition from winter to spring conditions will be monitored, with combined in situ, airborne
and satellite surveys. It is anticipated that the results from this project will support and improve
our understanding of how the sea ice system functions, how we can model it, and how we can
improve the monitoring of it from space.

Acknowledgments

We thank the crews of RV “Lance”, KV “Svalbard”, and Airlift helicopters for their support
during the field experiments. We are also grateful to numerous helpers in the field. The
RADARSAT-2 satellite images were provided by the Norwegian Space Centre and Kongsberg
Satellite Services AS (Tromsg, Norway) helped with their acquisition. This study was supported
financially by the “Sea Ice in the Arctic Ocean, Technology and Systems of Agreements” project
of the Fram Centre, the Centre for Ice, Climate and Ecosystems at the NPI (“ICE-Fluxes”
project), and the Norwegian Space Centre and ESA PRODEX project “CryoSat postlaunch
validation study for sea ice”.

References

Forsstrom, S., Gerland, S. and Pedersen, C.A. 2011. Sea ice and snow densities and hydrostatic
equilibrium assumption from in situ measurements in Fram Strait, Barents Sea and Svalbard
coast. Ann. Glaciol. 57 (52), 261-270.

Gerland, S., Renner, A.H.H., Spreen, G., Divine, D., Granskog, M.A., Hansen, E., Hudson, S.R.,
Eltoft, T., Doulgeris, A., Fors, A.S., Moen, M.-A., Hughes, N. and Storvold, R. (2013a):
Validation and improvement of SAR satellite surveys over Arctic sea ice. Proc. 22™ Intl. Conf.
on Port and Ocean Engineering under Arctic Cond. (POAC). June 2013, Espoo, Finland. 6 pp.

Gerland, S., Renner, A.H.H., Spreen, G., Wang, C., Beckers, J., Dumont, M., Granskog, M.A.,
Haapala, J., Haas, C., Helm, V., Hudson, S.R., Lensu, M., Ricker, R., Sandven, S., Skourup and
H., Zygmuntowska, M. (2013b): In-situ calibration and validation of CryoSat-2 observations

769



Proceedings of the 22nd IAHR International Symposium on Ice

over Arctic sea ice north of Svalbard. Proc. 3" ESA CryoSat Workshop. Dresden, Germany,
March 2013. DVD/CD SP-717 (and SP-712). 4 pp.

Haapala, J., Lensu, M., Dumont, M., Renner, A.H.H., Granskog, M.A. and Gerland, S. 2013.
Small scale horizontal variability of snow, sea ice thickness and freeboard in the first year ice
region north of Svalbard. Ann. Glaciol. 54(62), doi:10.3189/2013A0G62A157.

Haas, C., Lobach, J., Hendricks, S., Rabenstein, L. and Pfaffling, A. 2009. Helicopterborne
measurements of sea ice thickness, using a small and lightweight, digital EM system. J. Appl.
Geoph., 67(3). 234-241.

Hansen, E., Gerland, S., Granskog, M.A., Pavlova, O., Renner, A.H.H., Haapala, J., Loyning,
T.B., and Tschudi, M. 2013. Thinning of Arctic sea ice observed in Fram Strait: 1990-2011. J.
Geoph. Res. — Oceans, 118, 5202-5221, doi:10.1002/jgrc.20393.

IPCC 2013. Climate Change 2013: The Physical Science Basis. Contribution of Working Group
I to the 5™ Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F.,
D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M.
Midgley (eds.)]. Cambridge University Press, Cambridge (UK) and New York (USA), 1535 pp.

Kovacs, A., Valleau, N., and Holladay, J. 1987. Airborne electromagnetic sounding of sea ice
thickness and sub ice bathymetry. Cold Reg. Sci. Techn., 14, 289-311.

Laxon S.W., Giles, K.A., Ridout, A.L., Wingham, D.J., Willatt, R., Cullen, R., Kwok, R.,
Schweiger, A., Zhang, J., Haas, C., Hendricks, S., Krishfield, R., Kurtz, N., Farrell S., and
Davidson, M. 2013. CryoSat-2 estimates of Arctic sea ice thickness and volume. Geoph. Res.
Let., 40, doi:10.1002/grl.50193.

Moen, M.-A.N., Doulgeris, A.P., Anfinsen, S.N., Renner, A.H.H., Hughes, N., Gerland, S., and
Eltoft, T. 2013. Comparison of automatic segmentation of full polarimetric SAR sea ice images
with manually drawn ice charts. The Cryosphere 7, 1693-1704, doi:10.5194/tc-7-1693-2013.

Pedersen, C.A., Hall, R., Gerland, S., Sivertsen, A.H., Svenge, T., and Haas, C. 2009. Combined
airborne profiling over Fram Strait sea ice: fractional sea-ice types, albedo and thickness
measurements. Cold Reg. Sci. Techn. 55, 23-32.

Renner, A.H.H., Hendricks, S., Gerland, S., Beckers, J., Haas, C., and Krumpen, T. 2013a.
Large-scale ice thickness distribution of first-year sea ice in spring and summer north of
Svalbard. Ann. Glaciol. 54(62), 13-18, doi:10.3189/2012A0G62A146.

Renner, A.H.H., Dumont, M., Beckers, J., Gerland, S. and Haas, C. 2013b. Improved
characterisation of sea ice using simultaneous aerial photography and sea ice thickness
measurements. Cold Reg. Sci. Techn. 92, 37-47.

Ricker, R., Hendricks, S., Helm, V., Skourup, H. and Davidson, M. 2014. Sensitivity of

CryoSat—2 Arctic sea-ice volume trends on radar-waveform interpretation. The Cryosphere
Disc., 8, 1831-1871, 2014. doi:10.5194/tcd-8-1831-2014.

Wingham, D.J., Francis, C.R., Baker, S., Bouzinac, C., Brockley, D., Cullen, R., Chateau-
Thierry, P.D., Laxon, S.W., Mallow, U., Mavrocordatos, C., Phalippou, L., Ratier, G., Rey, L.,
Rostan, F., Viau, P. and Wallis, D.W. 2006. CryoSat: A mission to determine the fluctuations in
Earth's land and marine ice fields, Adv. Space Res., 37(4), 841-871.

770




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


