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1 Introduction

The ESA CryoSat-2 satellite, due for launch in February 2010, will make measurements
of ice sheet elevation and sea-ice freeboard using a new radar altimeter SIRAL. The aim
of the ice sheet measurements is to reduce the uncertainty in the ice sheet contribution
to sea level to a magnitude similar to that associated with other sources of sea level
rise. The international programme of calibration and validation for Cryosat includes
field studies by UK scientists on the Greenland Ice Sheet. Loan 867 provided a geodetic
GPS for use in North Greenland by the Scott Polar Research Institute as part of the
ongoing cal/val activities.

The validation concept has been to up-scale surface measurements to those of the
satellite via airborne measurements with a SIRAL-like radar, ASIRAS. Pre-launch
campaigns have been carried out since 2004 to verify this concept and have largely
been successful. They involved measurement of snow density-depth profiles which
were then compared with over-snow data from a very high bandwidth (VHB) radar
and airborne data from ASIRAS. Peaks in the radar returns could be linked to jumps
in density at stratigraphic boundaries. In some areas the largest peak did not come
from the snow surface but from an underlying ice layer, so the method of recognising
the surface return in SIRAL data, and hence determining elevation, has had to be
refined.

All field campaigns included an intensive study of a 1 km square test site to in-
vestigate spatial variations in snow density and over-snow radar returns. At these
sites a radar reflector was erected and its elevation, and that of the underlying snow
surface, determined by static survey using geodetic GPS. This allows the ASIRAS
measurements to be calibrated.

2 Results from 2008

In Spring 2008 surface measurements were made along a 540 km traverse at 2200 m in
the northern part of the Greenland Ice Sheet (Figure 1). The field party was input at
Ice 2 on 24 April 2008 and travelled for 5 weeks along the 2200 m contour to Ice 4 and
thence to the Danish drilling site “NEEM”. Part of the traverse (from Ice 2 to Ice 4)
was over-flown by a survey aircraft carrying ASIRAS and a laser altimeter on 29 April.
Very cold conditions (−50◦C to −30◦C) for most of the traverse limited the battery
power available so priority was given to density measurements using the neutron probe.
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Figure 1: Sites on the BNGE (·), PARCA (•) and CryoSat (N) North Greenland
traverses.

Most site positioning was done using a hand-held GPS; the Leica geodetic system was
however used for key measurements at Ice 2 and Ice 3b.

2.1 Validation of ASIRAS data

At Ice 2 nine density profiles were measured over a 1 km nested grid. A radar reflector
was erected and its height and location surveyed using geodetic GPS. Experience has
shown that the difference between elevation measured by ASIRAS and a laser altimeter
flown at the same time is of the order of centimetres, so precise ground measurements
to 1 cm accuracy were needed to resolve the differences. The static survey data were
processed using the online Canadian Spatial Reference System Precise Point Position-
ing (CSRS-PPP) system and RINEX file were also provided to the ASIRAS team to
assist their data processing. Figure 2 shows ASIRAS radar returns at Ice 2 taken as
the aircraft flew over the corner reflector. A small reflector return peak appears in
pulses 8307 and 8308 (highlighted in red). The distance to the surface return peak is
≈ 1.5 m (Lars Stenseng, pers. comm.); the height measured on the ground was 1.65
m. Reflections from internal layers are apparent. Density profiles separated by 1 m,
10 m, 100 m and 1 km are shown in Figure 3. The spatial variability in the annual
layering explains the spatial variability in the radar returns.

2.2 Density profiles

Density profiles were measured at 6 further sites along the traverse (Ice 2a to Ice 4)
and established that the stratigraphy of the snow in this area is very different to that
found further south along the EGIG line, which was traversed in 2004 and 2006. Cold
temperatures and low accumulation combine to produce a weak, very low-density layer
near the surface, which appears almost as an air-gap in the snow profile. Although the
classic alternation between higher density wind-blown winter snow and lower density
late summer hoar appears in the profiles, it is blurred by collapse of these weak layers
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Figure 2: ASIRAS radar altimeter returns
from Ice 2 (Lars Stensung, pers. comm.).
The vertical axis shows elevation above the
ellipsoid less an offset of ≈ 3.7 m arising
from internal delays in the radar. The
curves show the normalised amplitude of
returns from 11 successive pulses with the
central pulse highlighted in red. The small
peak at 2178 m which appears in two curves
is the reflection from the corner reflector.

Figure 3: Density profiles at Ice 2. The
curves show density measured at 9 sites
separated by 1 m, 10 m, 100 m and 1 km on
a nested grid. The annual variation in den-
sity is visible in all profiles as is the gradu-
ally densification with depth.
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as the overburden increases. The interface between snow and air-gap is likely to be a
strong reflector, so that post-depositional formation of such a layer could explain the
correlation between radar return power and height changes that is observed in satellite
radar altimeter data from the area. A detailed comparison of ASIRAS radar returns
and density profiles should establish whether this is the case and will be undertaken
as soon as post-processing of the airborne data is completed.

2.3 Elevation change

Because a repeat visit to North Greenland as part of the CryoSat cal/val programme
was not envisaged, measurement of elevation change was not generally part of the field
programme. However, since the traverse passed across the path of the British North
Greenland Expedition (BNGE) of 1954 there was an opportunity to compare ground
measurements of elevation at a common site, Ice 3b/ B131. A comparison of BNGE
elevations with a DEM of Greenland based on satellite and airborne survey data from
the period 1985-95 suggested a very significant thinning of c. 16 cm per year at this site
(Paterson and Reeh, 2001). On the other hand airborne laser measurements (Krabill
and others, 2004) and ERS satellite data (Johannessen and others, 2005) indicate
thickening over the period 1994-2003 in the same area.

Table 1 shows elevations (in metres above the WGS84 ellipsoid) at sites in the
area. The PARCA elevations (Thomas and others, 1998) were obtained directly by
geodetic GPS surveying. The BNGE elevations in metres above sea level (Paterson,
1955) have been converted using the EGM08 geoid. Elevations have also been obtained
from three DEMs (Bamber and others, 2001; Scambos and Haran, 2002; DiMarzio and
others, 2007) by triangular interpolation.

The Cryosat positions measured in 2008 agree with values given by the most recent
DEM. The PARCA positions lie above the Bamber DEM points by an average of 2.08
m, above the Haran DEM points by an average of 0.76 m and below the Icesat DEM
points by an average of 0.30 m. This is consistent with a general thickening of the
ice sheet from 1985 onwards. However, the elevation of BNGE point A132 is 3.5 m
higher than the elevation measured at the same point (Ice 3b) in 2008. The elevations
of BNGE points A143 and B143 are both higher than the elevation of PARCA point
FH03, which they straddle, and are 2.5–3 m higher than the 2003-5 ICESat elevations
at the same sites.

One explanation for this inconsistent behaviour is that there is a local variation in
the geoid not adequately represented in EGM08. For example Forsberg (1996) gives
a geoid height of 25–26 m rather than the EGM08 value of 28.79 m for point A132,
which would reduce its calculated elevation above the ellipsoid by 2.8–3.8 m. However,
his geoid for points A143 and B143 is only ≈ 0.5 m less than the EGM08 values, so
the higher elevations here would not be significantly reduced.

The most likely explanation seems to be that the method of distributing the closure
error of 11.8 m across all points on the BNGE traverse (Paterson, 1955) has increased
the elevations of the western sites listed in Table 1 too greatly. Paterson and Reeh
(2001) may well be correct that dynamic thinning has occurred at lower elevations
on the western end of the traverse, but above 2000 m all other observations suggest
thickening rather than thinning.

3 Papers in preparation

A paper is being prepared by Morris and Wingham on the densification of dry snow in
Greenland using data from the EGIG and North Greenland traverses. These combined
data cover a wide range of climatic conditions in the dry snow zone and, for the first
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Table 1: Ground measurements of elevation in North Greenland compared to values
from satellite-derived DEMs.

Site BNGE PARCA Cryosat Bamber DEM Haran DEM ICESat DEM
1954 1995-96 2008 1985-95 1985-87 2003-5

Ice 2 2180.00 2182 2180 2180
Ice 2a 2163 2163.5 2165
Ice 2b 2165 2165 2173
Ice 3 2161 2158 2163
Ice 3a 2155 2154 2157
Ice 3b/A132 2160 2156.49 2156 2154.5 2156
Ice 4 2173 2172.5 2174
Ice 4a 2296 2295.5 2297
Ice 4b 2400 2399 2400
B132 2151 2142 2143 2145
B131 2175 2170 2168 2172
A131 2188 2183 2181.5 2183
B130 2196 2190 2189.5 2192
A144 2076 2069 2068.8 2071
B143 2083 2077.2 2077 2080
A143 2089.6 2084 2083.7 2087
FH03 2082.08 2081 2080.5 2084
F122 1968.1 1970 1968.5 1967.5
F123 1981.47 1978 1979.2 1982
HUMB 1988.15 1984 1985.8 1987.5
FH01 2028.78 2026 2027.4 2029
FH02 2074.9 2076 2073.0 2077

time, there is sufficient detail to examine the effect of temperature and overburden
pressure in the development of the snow stratigraphy.

Once the ASIRAS data is available a joint paper comparing the radar returns with
density profiles over the North Greenland traverse will be prepared.
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