Greenland: Bringing Together Remote Sensing and
Fieldwork

VICTORIA PARRY*, PETER NIENOW*, DOUGLAS MAIR** & JULIAN

SCOTT***

*Institute of Geography, University of Edinburgh, Edinburgh, UK **Department of Geography
and Environment, School of Geosciences, University of Aberdeen, Aberdeen, UK ***British
Antarctic Survey, Cambridge, UK

ABSTRACT With global land and sea temperatures rising, the importance of accurate
monitoring of the world’s ice sheets is increasing. Satellite radar altimetry can be used to
measure elevation changes of ice sheets from which mass balance can be derived. In the
percolation zone of ice sheets, summer melt which percolates into the snowpack and refreezes
causes a re-distribution of mass through densification, which can result in elevation changes
which are not representative of changes in mass balance. We present data collected in the
percolation zone of the Greenland Ice Sheet prior to and post the processes of summer melt,
percolation and refreezing. Data from nine sites along two 1-km transects show that in 2004 there
was a 31.6% increase in accumulation over the summer, but due to surface melting percolation
and refreezing the average snowpack density increased by 26.2%, resulting in only a 5.3%
increase in elevation. Our results indicate that in areas of substantial seasonal melt and
refreezing, densification rates must be accurately quantified if mass balance estimates are to be
usefully derived from surface elevation change.

Introduction

Recent reports suggest global warming is unequivocal (IPCC, 2007) and that future warming will
be enhanced at high latitudes. The Greenland Ice Sheet is the largest store of fresh water in the
northern hemisphere and with the potential to raise sea level by 7 m, the effects of warming on its
future are of great concern. Additionally, increased runoff from the ice sheet may affect the
strength of the ocean thermohaline circulation (Rahmstorf & Ganopolski, 1999) with potential
consequences for albedo and insulation feedbacks, related to the expanse of sea ice cover
(Fichefet et al., 2003). Recent satellite observations indicate increased melt extent around the
margins of the ice sheet (Albert, 2002; Steffen et al., 2004) and any future warming will affect
mass balance through surface melting and runoff and possibly through ice dynamics (Zwally et
al., 2002). With warming in the Arctic estimated to be twice that of the global average (Trenberth
et al., 2007), 2—48C by 2040 (ACIA, 2005) there is a growing need to understand the likely
response of the Greenland Ice Sheet to future climate change and to accurately monitor the
current changes in mass balance.

Due to problems of scale, the only viable approach to monitoring ice sheet mass balance is
through the use of satellite observations where the instruments require calibration, often through
ground-truthing measurements. Accurate elevation changes over large areas of the polar ice
sheets can be determined by repeat elevation measurements using satellite radar altimetry from
which the mass balance can potentially be derived (Zwally et al., 2005). In the wet snow and
percolation zones (Benson, 1962), however, seasonal changes in snow pack density result in a
redistribution of mass through densification, meaning changes in surface elevation cannot be
directly correlated with changes in mass. A decrease in elevation may be caused by surface melt,
percolation and refreezing (Pfeffer et al., 1991), but with no mass loss (Braithwaite et al., 1994).
Similarly, there may be positive summer accumulation in the form of rain or solid precipitation



which melts and refreezes, thus causing an increase in snowpack density and mass, but little
change in surface elevation.

The European Space Agency’s ‘CryoSat 2’ mission, due for launch in 2009, is set to observe the
polar regions through satellite radar altimetry. The aim of the mission is to measure elevation
changes over land-based ice masses and interpret these changes in terms of mass loss or gain
(ESA, 2007), thus improving our understanding of the response of the Earth’s ice masses to
climate change. In this paper we present field data collected from the percolation zone of the
Greenland Ice Sheet to provide ground calibration for the satellite measurements to quantify the
effect of the seasonal densification of near surface snow and firn on both surface elevation
change and annual mass balance.

Field Sites and Methods

Fieldwork was undertaken at *1945 m elevation in the percolation zone of the Greenland Ice
Sheet in the region of T0S5 (698 51N, 478 15W) on the EGIG (Expedition Glaciologique
International au Groenland) line (Figure 1). In order to investigate variability in near-surface
density and stratigraphy, snowpit measurements were made along two perpendicular transects.
These were centred at TO5, and an additional eight sites were investigated at intervals of 1 m, 10
m, 100 m and 1 km from T05 along both transects: transect E, aligned in a east-north-easterly
direction along the EGIG line towards the centre of the ice sheet (measurement locations E1, E2,
E3 and E4), and Transect S, aligned in a south-south-easterly direction perpendicular to the
EGIG line (measurement locations S1, S2, S3 and S4) (Figure 1).

To determine the seasonal change in density in the near-surface snowpack, measurements to
characterise the snow/firn at each location were carried out during both the spring (pre-melt) and
autumn (post-melt, percolation and re-freezing) of 2004. Snow pits were dug at each site down to
the surface layer demarcating the end of the 2003 summer. In spring 2004 this layer was easily
identified as a hard, icy and continuous layer located beneath the autumn hoar and was used as a
reference surface for the bottom of all snow pits. Once this layer was identified in spring, ablation
stakes were emplaced and used as markers to ensure this same horizon was used as a common
reference for any depth change identified upon re-measurement in the autumn.

The stratigraphic recognition of all individual layers was determined visually (Colbeck et al.,
1990) and using a semi-quantitative assessment of hardness (fist, finger, pencil or knife) carried
out at 10 mm intervals down each profile. Density measurements were taken from each layer
using one of three tubes of differing diameter. The largest tube that could be pushe}d into an
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individual stratigraphic layer was used to extract a known volume of snow (57 cm , 161 cm or
3

227 em ) which was then weighed using a Newton balance to obtain density. Repeat
measurements from stratigraphic layers were taken and averaged, and variability was found to be
2-3% for the large and medium sized tubes, and 17% for the small tube. Ice layers, lenses and
pipe;s were also recorded in the stratigraphy. These ice features were allocated a density of 0.8 g

cm since it was not possible to measure their density directly in the field and the ice was often
observed to contain bubbles.

Results and Discussion
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The mean snowpack depth at the nine sites located within 1 km of T05 was 143.2 cm (standard
deviation (s.d.) 4.0 cm) in spring and 150.8 cm (s.d. 11.7) in autumn, yielding a mean summer
increase in pit depth of 5.3% (Figure 2). The average density of the snowpack increased at all
Snowpits between spring and autumn (Figure 3) The mean snowpack density of all sites was

0.42 gcm (s d. 0.02) in spring and 0.53 g cm  (s.d. 0.04) in autumn, yielding a mean summer



increase in density of 26.2%. The average snowpit accumulation expressed as a depth of water
equivalent (w.e.) therefore increased from 60.5 cm (s.d. 3.4), in the spring to 79.6 cm (s.d. 5.5) in
the autumn, an increase of 31.6% (Figure 4).

These density increases result primarily from surface melting, meltwater percolation and
subsequent refreezing at depth within the surface snow pack. The fact that densities increased
substantially without any decrease in snow depth results from additional mass inputs as summer
precipitation in the form of snow or rain. In addition, snow compaction during warmer summer
temperatures also contributes to increased densities. This densification of the snowpack has
implications for mass balance derived from elevat1on change. For example; for 1 m of snow,

prior to melt, with an average density of 420 kg m , the w.e. is 0.42 m. If the water equivalent
remains constant (i.e. assummg no summer accumulatlon or loss of mass), but the pack increases

in density by 110 kg m t0530 kgm the height of the snowpack will be reduced by 21 cm to
0.79 m, which would be measured by satellite observations of elevation change, and could be
misinterpreted as a loss of mass. Thomas et al. (2008) show that above 2000 m, a 1 cm elevation
change represents approximately a 1 Gt mass change and given that the mass balance of the

Greenland Ice Sheet above 2000 m is +53 £ 2Gta (Zwally et al., 2005), neglecting to account
for seasonal densification of the snowpack may result in significant errors. Our results indicate
that a better calibration of the processes causing densification is required if improved estimates of
ice sheet mass balance are to be derived from satellite radar altimeters. Braithwaite et al. (1994)
show that firn density is related to annual melt and accumulation, and the decrease in melt with
elevation subsequently causes a decrease in firn density with elevation. Li et al. (2007) also
identify winter temperatures as having an impact on densification rates and with projections for
winter temperatures to be warming at four times the global average (Christensen et al., 2007),
longer term seasonal variations in densification processes will also become an important factor in
mass balance measurements derived from elevation changes.

Conclusion

Measurements of snowpack depth and density, made before and after summer melting, were
carried out in the percolation zone of the Greenland Ice Sheet in spring and autumn 2004. Results
show that between spring and autumn 2004, there was an overall mass increase of the snowpack
of 31.6% but that this is not reflected in the small average increase in snowpack depth of 5.3%.
This is due to the increase in mean snowpack density of an average 26.2% over the same period.
Our results demonstrate that significant changes in density between seasons can result in very
limited changes in surface elevation, despite significant changes in mass. Thus, in areas such as
the percolation zone, where the snowpack shows substantial seasonal changes in density, mass
balance estimates should not be based solely on observed changes in surface elevation.
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Figure 1. The location of the field site, TOS, on the EGIG line in Greenland and a schematic of
the measurement locations
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Figure 2. Spring and autumn 2004 snow depth above the end-of-summer 2003 surface for all
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Figure 3. Mean snowpack densities for spring and autmn 2004 for all snow pits
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Figure 4. Accumulation (CM w.e.) between end-of-summer 2003 surface layer and spring and
autumn 2004 surfaces for all snow pits




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /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 false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


