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Presentation Notes�
Studies of accumulation are important to mass balance calculations derived by substracting mass loss (ablation) from mass gain (accumulation). With the goal of improving accumulation estimates, we investigated the use of high resolution (1 GHz frequency antenna) ground-penetrating radar (GPR) data to measure spatial variability of snow accumulation at two disparate sites in the dry snow zone (a.k.a. accumulation zone) of the Greenland ice sheet at the local-scale (100-m by 100-m). Pictured here is Russell Huff on Petermann Glacier (this site not discussed here) with the Malå Geoscience (http://malags.com) RAMAC™ GPR instrument pulled in a plastic sled; the studies in this talk were conducted by pulling the sled at constant walking speed rather than by snow-mobile. The two long bars are the transmitting and receiving antennae and the control unit (computer) is held inside the sled.�



Bales et al., JGR, 2001

• 256 snow pits and ice cores

• collected 1913-1999

• 158 pre-1981, 98 post-1981

• 17 coastal met stations
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Our current understanding of accumulation across the entire Greenland ice sheet is based on a relatively sparse network of point measurements (shown here in the map compiled by Bales et al.): sparse spatially and temporally. This map has estimated errors of 20-25%. For example, multiple ice cores within a 25 km region on Humboldt Glacier were shown to vary in their measurements of accumulation by >20%. Any single point measurement can be expected to contain both a climate signal in addition to local glaciological “noise” (due to surface and/or basal topography as well as redeposition and erosion by wind). We use GPR to characterize this “noise” at two sites to provide an estimate of how variable accumulation occurs at the local scale (100-m by 100-m). �
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Presentation Notes�
Photo of a backlit snow pit to illustrate the presence of stratigraphic layers in the subsurface. (NOTE: This particular snow pit is used as a demonstration but is not from either study site.) You can see thin layers of compacted snow most likely caused by forceful winds, known as “wind crusts”.�
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This illustrates what one transect of our GPR data look like, with one of the stratigraphic layers highlighted in red. The high frequency used (1 GHz) translates to a depth resolution of half a centimeter, which allows us to resolve many stratigraphic layers. Our surveys had 100-m transects and a maximum penetration depth of 5 meters. Although these data may appear to have additional layers, most (if not all) of these are echoes of the highlighted layer at top. GPR transmits electromagnetic pulses that are reflected at dielectric discontinuities in the subsurface. In an ice sheet, these discontinuities can occur because of changes in density, liquid water content, or chemical impurities. In the upper 75 m of the ice sheet, changes in density dominate the GPR response. Changes in density are primarily due to summer surfaces (hoar frost), compaction from forceful winds (wind crusts), or ice layers/lenses from percolated and refrozen melt water. �



1. Tunu-N
100-150 mm·yr-1 SWE, ~40 cm snow depth

200-300 mm·yr-1 SWE, ~75 cm snow depth

Data: 2003

2. NASA-U

John Maurer
Presentation Notes�
Data were collected in the summer on May 31 (Tunu-N) and June 1 (NASA-U) of 2003 at two of the Automatic Weather Stations (AWS) part of the Greenland Climate Network (GC-Net). This network, including ~20 AWS, is maintained by Konrad Steffen and has been in operation since 1995, providing crucial climate data for remote and data sparse regions of the ice sheet. Tunu-N (78°01'01" N, 33°58'54" W; 2113 m a.s.l.) is slightly lower in elevation than NASA-U (73°50'29" N, 49°30'14" W; 2369 m a.s.l.) and receives about half the average annual accumulation. The photo at Tunu-N shows the AWS and the flat terrain.�



1. Tunu-N

100 m

10 m

10 m

snow pit

Data: 2003

100-150 mm·yr-1 SWE, ~40 cm snow depth

200-300 mm·yr-1 SWE, ~75 cm snow depth
2. NASA-U
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This diagram shows the survey grid that was used to collect the GPR data at both sites. A snow pit was dug for stratigraphic analysis and to measure an average snow density at each grid. This density was used to convert the two-way travel time (TWT) of the GPR instrument into depth. The stratigraphic analysis was used to compare against the GPR data, as well as sonic surface-height measurements from the nearby AWS. This provided two independent point measurements to compare against the GPR survey average depth. Diagonal transects were collected to provide additional cross-over points for validation. At Tunu-N we were able to identify and digitize only 1 stratigraphic layer in the radargram for analysis and comparison, while at NASA-U we traced 2 layers. �



software developed for data processing

5 m

100 m

Issues: (1) antenna ringing, (2) spreading loss,  (3) layer tracing, 
(4) depth calculation, (5) 3-D surface rendering
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Software were developed by the authors in the Interactive Data Language (IDL) for use within the Environment for Visualizing Images (ENVI). These programs are freely available for download from the Web site listed on the cover slide. Much of the effort on this project was spent on data processing. At left is an image of the raw radargram for a single 100-m transect in the survey grid before processing and on the right is the image of the processed radargram, which is optimized for viewing by applying filters. Antenna ringing (horizontal striping) is removed by subtracting a mean trace (y-dimension) from each row of data (x-dimension). Exponential loss of signal with depth (geometrical spreading loss/attenuation) is corrected using an exponential time/depth-varying gain function. Layers were traced manually in ENVI using its Region of Interest (ROI) tool. Travel time of the GPR pulses is converted to measurements of depth and statistics are computed (mean, standard deviation, max, min). Lastly, the same layer from all transects are kriged to produce three-dimensional surfaces for identifying spatial patterns.�



Mean depth: 66 cm 
Standard deviation: 12.2 cm 
Minimum depth: 34 cm
Maximum depth: 105 cm

Tunu-N
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Kriged surface view of the stratigraphic layer traced at Tunu-N. At left is a view straight down onto this surface while at right is a side-angle view with 10x vertical exaggeration to emphasize topography. Not only do we get substantial variability (12.2 cm) but also a clear spatial orientation: shallow dunes align perpendicular to the predominant wind direction (labeled in circle) with an undulation frequency of ~5-10 m. The standard deviation is 15% of the mean depth while the max/min depths vary from the mean by 53%, illustrating the importance of spatial variability even at this local scale.�



--24%24%

--2%2%
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The depth of the layer at Tunu-N (shown previously) compared to its depth as measured in the snow pit and using the AWS sonic surface-height instrument. These are examples of point measurements that have traditionally been used to measure accumulation on the ice sheet. As you can see, they differ by 24% and 2%, respectively, from the GPR mean depth, demonstrating the importance of spatial variability at this site.�



Mean depth: 50 cm 
Standard deviation: 7.4 cm
Minimum depth: 35 cm
Maximum depth: 89 cm

Mean depth: 302 cm 
Standard deviation: 11.3 cm
Minimum depth: 270 cm
Maximum depth: 356 cm

NASA-U layer #1 NASA-U layer #2
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It is more difficult to ascertain any preferred spatial orientation or undulation frequency in the kriged surfaces identified at NASA-U, but the take-home message remains the same: spatial variability is still in the ballpark of ±10 cm. In the future, a variogram might extract further information about spatial patterns in these surfaces.�



Average standard deviation:Average standard deviation: ±±10 cm10 cm 
Average range:Average range: ±±35 cm35 cm
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In summary, the average standard deviation (spatial variability) at these 2 sites is ±10 cm. To put this into context, Tunu-N receives 100-150 mm per year of snow water equivalent (SWE)—or roughly 40 cm of snow in terms of depth: with a standard deviation of ±10 cm, we would expect any point measurement at this site to deviate by ±25%. When we take the total depth range into consideration, this deviation could be as large as ±88%! Because NASA-U receives double the average annual accumulation, it would be expected to deviate by half as much (±13% on average but up to ±47% range). So, the mass balance of the Greenland ice sheet based on the existing point measurements of accumulation could contain a significant amount of error, and we really need more spatial studies like this one to assess this.�



Conclusions

••

 

Spatial variability is important, even at localSpatial variability is important, even at local--scale scale 
(100 m x 100 m)(100 m x 100 m)

••

 

GPR is an improvement over point measurementsGPR is an improvement over point measurements

••

 

Aid in interpretation of ice cores & remote sensingAid in interpretation of ice cores & remote sensing

••

 

Shallow penetration depth: cannot assess temporal Shallow penetration depth: cannot assess temporal 
variability variability 

••

 

High resolution: greatest strength & greatest High resolution: greatest strength & greatest 
weaknessweakness

••

 

Complex stratigraphy can make interpretation Complex stratigraphy can make interpretation 
difficult; need other difficult; need other in situin situ observations for validationobservations for validation

••

 

Need more studiesNeed more studies
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Spatial variability is important, even at the local-scale (100-m by 100-m) and even where there is apparently flat terrain to the naked eye. High resolution GPR allows us to resolve individual stratigraphic layers but the low signal-to-noise ratio (SNR) makes finding layers difficult, especially where the dielectric contrast is not great enough or in areas where closely spaced layers have overlapping echoes in the radargram. Still need other field observations (e.g. snow pit, AWS, etc.) to asses the source of these stratigraphic layers: summer surface?, wind crust?, ice layer?, etc. Lastly, how generalizable are our results?: we need further studies at other locations on the ice sheet and/or during other years. This was mostly a pilot study to investigate the feasibility of using GPR for measuring accumulation variability: now that this has been demonstrated, more GPR surveys are needed. Similar studies have been conducted on Svalbard and Antarctica but few at our resolution or scale.�



Questions?, Comments?

Thank you!Thank you!
For further information: 

http://cires.colorado.edu/~maurerj/gpr/gpr_cryosphere.html 
john.maurer@colorado.edu
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Software (in IDL/ENVI) is available for download at the Web site listed here, along with further details regarding this study. These pictures show field work on the GC-Net and at Swiss Camp in the summer of 2004.



Tunu-N

NASA-U 
layer #1

Mean depth: 50 cm 
Standard deviation: 7.4 cm
Minimum depth: 35 cm
Maximum depth: 89 cm

Mean depth: 302 cm 
Standard deviation: 11.3 cm
Minimum depth: 270 cm
Maximum depth: 356 cm

Mean depth: 66 cm 
Standard deviation: 12.2 cm 
Minimum depth: 34 cm
Maximum depth: 105 cm

NASA-U 
layer #2
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Backup slide showing each of the layers identified in our study side-by-side. At left are views looking down on the kriged surface and at right are side-angle views with 10x vertical exaggeration to emphasize topography.�



Kanagaratnam

 

et al. 2004

 

IEEE Trans. Geosci. & Rem. Sens. 42(3)
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Backup slide: Airborne ice-penetrating radar surveys show great promise for assessing accumulation variability over much wider regions of the ice sheet.�



sastrugi

Form parallel to predominant wind direction.
Antarctica. Source: Wikipedia
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Backup slide: Unlike the shallow dunes that were identified at Tunu-N (which form perpendicular to the predominant wind direction) so-called “sastrugi” form parallel to the wind. �



megadunes

Form perpendicular to predominant wind direction (like sand dunes).
Antarctica. Source: Ted Scambos, NSIDC
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Backup slide: Megadunes on Antarctica demonstrate the common “dune” pattern of forming perpendicular to the predominant wind direction. Dunes were formed at a much smaller scale (~5-10 m undulation frequency) at Tunu-N than the megadunes shown in the above photo.�
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