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Background and aims 
The work reported here formed part of a NERC-funded PhD project undertaken by R.H. Mottram and 
supervised by D.I. Benn (University of St Andrews), on the dynamics and calving retreat of 
Breiðamerkurjökull, an outlet of the Vatnajökull ice cap in South East Iceland (Fig. 1). The overall aims of the 
project were to assess the role of glacier velocity gradients on crevasse formation, calving, and thinning of 
the glacier, and to test a new model of calving glacier dynamics (Benn et al., 2007a, b).  
 
Fieldwork involving DGPS equipment had two main objectives:  

1. To measure the horizontal and vertical displacement of stakes on the glacier surface, to allow 
calculation of ice velocity and three-dimensional strain rates.  

2. To determine recent retreat rates by mapping the position of the glacier terminus. 
 

 

Figure 1: (A) location of Breiðamerkurjökull in Iceland. (B) ASTER satellite image (NASA/EOS, 2004) taken on the 
28th August 2004. (C) Location of field sites. Sites 7 and 8 were surveyed in 2004, the other six were set up in 2005.  

Survey Procedure 
Fieldwork was carried out during July and August 2005. A base station was established on stable terrain 
~5km from the present front of the glacier, and three further temporary base stations were established when 
surveying the glacier terminus. All base station positions  utilized surveyed points established by Evans and 
Twigg (2000) and Howarth and Price (1969). These have known absolute positions in the Icelandic grid, the 
coordinates for which were provided by D. Twigg (personal communication, 2005).     
 
A DGPS rover was deployed in the following ways:  

1. To measure ice velocity, the rover was used to collect static 3D position data at six sites on the 
glacier, on two occasions. Networks of marker stakes were laid out at each site, and the position of 
each stake was repeatedly surveyed using a Leica laser electronic distance measure (EDM) to 
calculate the magnitude and directions of the strain rates and principal stresses. Following post-
processing in Leica Geo Office Combined, we calculated the velocity and elevation change of the 
marker stakes based on the displacement between measurements. Precision required: cm scale 

2. Elevation changes derived from the static positions at the marker stakes were subtracted from 
measured ablation rates to determine vertical dynamic thinning rates. Precision required: cm scale 
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3. Diurnal velocity measurements were made using static DGPS at two of the field sites. The rover was 
set up to take a static measurement for 20 minutes every hour over a 48 hour period, during which 
time the base station was also in operation, allowing post-processing of the data. Precision required: 
cm scale 

4. To map the extent of the terminus a Real-Time Kinematic (RTK) set up was used. In order to get a 
good radio signal across the whole front of the terminus, this required the use of four base stations 
on the glacier foreland. The Leica Geosystems 1200 rover and base station set-up with a Pacific 
PDL radio link was used in Real Time Kinematic mode with a position recorded for every 5 metres of 
position change. Most of the terminus was mapped on foot, but the calving part of the margin on 
Jokulsárlon, was measured by boat along the ice front, with positions being recorded every 5 
metres. For reasons of safety and practicality, the estimated horizontal accuracy of the terminus is ± 
10 m (particularly for the calving part), although for much of the terminus it is probably less than ± 5 
m.  Precision required: m scale 

Data Quality 
The data we collected during deployment was by and large very good, although with a few problems, 
identifiable during data collection (see section below). Table 1 gives an example of the RTK data, the static 
data points after processing had very similar data quality and we do not believe that there are any significant 
data quality issues, particularly given that for our purposes we required only cm - m scale precision.  
  

Point 
ID 

Class Date and 
time 

Latitude Longitude Height 
above 
ellipsoid 

Pos. and 
height 
quality 

Pos. 
quality 

Height 
quality 

00010 Measured 08/28/2005 
12:04:30 

  64° 04' 32.62236" N   16° 16' 12.66728" W 137.0300  0.0181  0.0110  0.0144 

00011 Measured 08/28/2005 
12:04:37 

  64° 04' 32.62957" N   16° 16' 13.04143" W 136.9641  0.0196  0.0119  0.0157 

00012 Measured 08/28/2005 
12:04:42 

  64° 04' 32.62662" N   16° 16' 13.42303" W 136.7574  0.0203  0.0123  0.0161 

00013 Measured 08/28/2005 
12:04:48 

  64° 04' 32.75813" N   16° 16' 13.65124" W 137.0062  0.0185  0.0112  0.0147 

00023 Measured 08/28/2005 
12:07:05 

  64° 04' 34.06047" N   16° 16' 13.81051" W 138.3406  0.0307  0.0175  0.0252 

00014 Measured 08/28/2005 
12:04:54 

  64° 04' 32.90053" N   16° 16' 13.84911" W 137.0540  0.0195  0.0117  0.0156 

00022 Measured 08/28/2005 
12:06:54 

  64° 04' 33.92519" N   16° 16' 13.90555" W 137.3158  0.0317  0.0180  0.0261 

00024 Measured 08/28/2005 
12:07:16 

  64° 04' 34.18060" N   16° 16' 14.06975" W 138.4544  0.0217  0.0124  0.0178 

Table 1: Example data points, used to construct the map of terminus extent. 

Data Processing 
Data post-processing was undertaken using the Leica Geo Office Combined software provided with the 
Geophysical Equipment Facility (GEF) equipment. According to the manufacturer’s specifications, the 
system has an accuracy of ~5 mm in the horizontal. However, a number of factors introduce further errors in 
calculating position:  
 

• Atmospheric interference (from ionospheric or meteorological activity) 
• Topographic shading 
• Low satellite azimuths 
• Human error in instrument settings and physical placement 
• Long baselines  
• Multipath error due to reflections from wet glacier surface. 
• Loss of radio lock between base station and rover when in RTK set up. 
 

In order to reduce these sources of error, we considered the following:  
 
1. No auroral ionospheric interference was reported and we avoided data collection during heavy rain to 

avoid interference by multiple reflectors. 
2. Breiðamerkurjökull is 15 km wide and terminates in a broad flat plain. There are ~1 km high peaks on 

either side of the glacier but these are 8 to 12 km from the base stations and field sites, so shading by 
topography is unlikely to be a significant source of error. 

3. 15o was set as the angle of cut-off for satellite azimuth to avoid excessive atmospheric interference. 
This reduced the number of satellites, but there were never fewer than 8 at any one time when taking 
positions at the field sites. More seriously, satellites were frequently grouped round the southern half of 
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the sky, due to the high latitude of the field site. This may, on some occasions, have affected the 
precision of each position, particularly when measuring elevation. However the recorded General 
Dilution Of Precision at each point suggests that this was not a significant source of error. 

4. Alignment of the base-stations were carefully checked at the beginning and end of each session, 
which on average lasted 8-9 hours. Static position data were gathered in the field for at least 20 
minutes at each survey marker. These consisted of stakes drilled into the ice, allowing us to position 
the DGPS antenna over exactly the same point on the ice on each occasion.  

5. The baseline between the station and the rover during each deployment varied between 7 and 8.5km. 
This is well within the range of the instrument settings and is not expected to be a significant source of 
error in this case. 

6. We were careful to position the rover on high points away from surface meltwater ponds and the large 
quantity of tephra at the surface of the glacier significantly reduced the reflectivity of the ice and 
therefore the possibility of multipath echoes. 

7. During RTK surveying the loss of radio reception significantly affects position accuracy and precision. 
The risk of this occurring was minimised by setting up a number of base stations at locations distant 
from the main base. The relatively flat glacier foreland also helped by giving line of sight to much of the 
terminus. Where radio loss did occur, analysis of data within the Geo Office Combined software 
allowed us to exclude points with low precision. A linear interpolation was used in this case to connect 
measured points and in all cases the loss of the RTK data link was very short. Given the uncertainty 
over the position of the terminus, and the likely precision of walking along the margin, estimated to be 
around ±5 m, the loss in precision due to failure of the radio link is deemed to be insignificant to the 
conclusions presented here and in other published materials.    

 
Position data collected by the instrument are given in the conventional WGS84 geoid. However, much of the 
earlier data gathered at Breiðamerkurjökull is given using a different local coordinate system. Therefore, 
collected data were converted to this using a free program provided by Landmaelingar Islands (cocodati, 
Landmaelingar Islands, 2005). The transformation parameters for this were also input to the Geo Office 
software, allowing an automatic conversion prior to export. The local coordinate system uses the 
International 1924 ellipsoid and the UTM 28N projection and for elevations, the Hjörsey 1955 datum. This 
conversion introduces a vertical offset of some 30cm between the WGS84 and International 1924 ellipsoidal 
elevations, as demonstrated by measurements made at the survey pillar on the foreland of 
Breiðamerkurjökull.   

Findings and Interpretation 
In this section we present a brief summary of some of our significant results. Further analysis and 
interpretation of these can be fund in the publications listed at the end of this report. 

Ice Velocity  
DGPS was used to collect static 3D position data for at least one stake at each strain network during each 
survey of the network. The number of surveys varied at each site depending on access difficulties. The 
velocity was calculated by dividing the distance by the time (in hours and minutes) between the final surveys. 
Table 2 lists the measured velocities over the whole period.  
 

Position Period of 
monitoring 
(days) 

Average 
Velocity 
(m day-1) 

Horizontal Velocity 
Error Estimate (±  m 
day-1) 

Total 
elevation 
change (± 
m) 

Elevation Change Error  
Estimate (±  m) 

Site 1 25 0.59 0.01 -1.88 0.01 
Site 2 25 0.23 0.01 -1.97 0.01 
Site 3 33 0.67 0.01 -3.04 0.01 
Site 3 33 0.67 0.01 -3.19 0.01 
Site 4 33 0.61 0.01 -2.67 0.01 
Site 5 14 0.63 0.01 -1.18 0.01 
Site 6 25 0.10 0.01 -1.34 0.01 
Site 6 10 0.09 0.01 -0.49 0.01 

Table 2 Table listing the velocities, elevation change and associated position errors measured at all field sites. Error is 
estimated based on measured error and instrument tolerances given in the Leica Geo Office software. In all cases the 
measured error for elevation and position changes determined by the DGPS was less than 1 cm but has been rounded 
up in the velocity error estimate to ± 1 cm precision. Velocities were calculated per minute from two position estimates 
and converted back into m day-1 

 
Variability in velocity at Breiðamerkurjökull was examined in further detail when the rover was left at sites 1 
and 3 for two-day periods. The unit was pre-programmed to automatically take a static position for 20 
minutes every hour. The antenna pole was drilled into the glacier and secured using ice screws. Power was 
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provided by a 2.5 Volt battery. Power availability and the high ablation rate at the surface of the glacier 
meant the measurement periods had to be limited to 48 hours only. 
 Position data were used to calculate velocity both between each measurement and to give a mean value for 
different periods of each 48 hours. A period around 1-3am (GMT) suffered on both occasions from a loss of 
satellites due to low azimuth with consequent inaccuracies in position and therefore velocity. The results for 
Site 1 are shown in Figure 2. 
 

Site 1 Velocity Data
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Figure 2  Graph of velocity at Site 1 as measured over a 43 hour period.  
A power failure caused the proposed full period of measurements to be shorter than planned. 

Mapping the Terminus 
  We used a Real Time Kinematic set up of the Differential GPS to map the land-based and calving terminus 
positions of the glacier. When compared with published maps (Björnsson et al., 2001; Evans and Twigg, 
1998), the data were used to derive recent retreat rates across the glacier. The collected data were 
processed in Leica Geoffice© and corrected to the known base positions and then imported into ArcGIS for 
further processing and analysis against the maps produced by Björnsson et al. (1992) of basal and surface 
topography. These datasets were only available in paper format, so first required scanning, georeferencing 
and digitising before the DGPS data were imported and layered over the top. Full results are given in 
Mottram (2007). 

Short-Term Elevation Change 
Dynamic thinning due to longitudinal extension is thought to be an important destabilizing process during 
calving glacier retreat (Benn et al., 2007a, b; Pfeffer, 2007). Dynamic thinning rates were determined at each 
site using surface elevation change data in conjunction with measured ablation rates. Surface lowering rates 
of between 0.1 m day-1 and 0.05 m day-1 were measured during the fieldwork. After correction for surface 
ablation, the residual lowering rates are well within the calculated errors associated with both DGPS and 
ablation measurements, and are attributed to dynamic thinning. This is an important result as it implies 
dynamic thinning feedbacks may be amplifying glacier response to recent warming, as predicted by theory.  
 

 
Figure 3 Mean rates of total surface lowering, ablation and dynamic elevation change. The error bars reflect the 
measured errors for the DGPS equipment measurements, and the ± 1 cm precision of the ablation measurements for 
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measurements of ablation and the sum of both of these for the calculated dynamic thinning.  Note that the values of 
change at sites 7 and 8 are likely to be too high due to deployment problems in 2004. 

Long-term Elevation Change 
DGPS position data were compared with older survey data to determine longer-term patterns of surface 
elevation change, and to characterize evolution of the glacier over the past 100 years.  
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Figure 4 Ice thickness calculated from DGPS elevation measurements compared with ice thickness data from 
Björnsson et al. (1992). Total thickness change is given in the number above the yellow column.  Error bars indicate 
the uncertainty of site locations in the older dataset, an order of magnitude larger than that from the DGPS data.  

 
DGPS data collected at each field site were converted into the same coordinate system as data collected 
using airborne radio echo sounding by Björnsson et al. (1992) and both datasets were then imported into the 
ARC GIS program. The Björnsson et al. (1992) dataset contains both ice surface elevation and basal 
topographic data, allowing the ice thickness at each location to be determined. The estimated ice thickness 
at each field site in the present study was compared with previous values. Elevation changes between 1991 
and 2004 or 2005 vary between around 200m of lowering close to the present day calving front, to as little as 
around 50m higher up the glacier. The mean surface lowering is ~12 m year-1

, considerably higher than 
previously published estimates (Björnsson et al. 2001).  

Conclusions and Recommendations 
We used DGPS equipment provided by the NERC Geophysical Equipment Facility to extend existing data 
from Breiðamerkurjökull in the Summer of 2005. We collected velocity and elevation data from six sites on 
the glacier and could thereby compare the different flow regimes across the differing basal topographies. We 
also gathered kinematic DGPS to map the terminus of the glacier in order to estimate the rates of retreat 
since previous mapping studies and relate these to calving processes at the ice cliff. This enabled us to 
locate all our sites precisely and to refine our analysis of velocity and strain rate driven thinning of the glacier, 
in order to analyse and include both these important feedbacks in numerical calving models. The most 
important conclusions are: 

• Estimates of error suggest that sufficient precision can be obtained using DGPS technology to study 
velocity, strain rate and elevation change on calving glaciers. 

• Velocity shows some small variability both within sites and between survey dates, but there is a 
much larger difference between the two sites which explains the magnitude and direction of principal 
strain rates. 

• Diurnal variability of velocity may be a control on calving rates and these results show that further 
work on this is possible and should give promising results. 

• Elevation data suggests that dynamic thinning is occurring and may be an important process at this 
glacier, leading to increasing velocity gradients and deeper crevasses. 

• The rapid retreat of Breiðamerkurjökull over the last hundred years looks set to continue, leaving a 
deep and broad fjord in its current place. 

Publications 
Presentations at the following conferences have included the datasets described in this report: 
2008 Nordic Branch of the International Glaciological Society, Helsinki, Finland 
2007 IASC-Working Group on Arctic Glaciology, Obergurgl, Austria 
2006 British Branch of the International Glaciological Society, Keele University, UK 
2006 Cryospheric indicators of climate change, International Glaciological Society, Cambridge, UK 
In addition the following papers are currently in preparation or the publishing process: 
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Mottram, R. H. 2007. Processes of Crevasse Formation and the Dynamics of Calving Glaciers: A Study at 
Breidamerkurjokull. PhD Thesis 330 pp, University of St Andrews 

Mottram, R. H., Benn, D.I. Testing crevasse depth models: A field study at Breiðamerkurjökull. Journal of 
Glaciology, Accepted. 

Mottram, R.H., Benn, D.I. Palsson, F., Björnsson, H. Calving Processes and Glacier Retreat at 
Breiðamerkurjökull: Past Changes and Future Prospects In preparation  

Mottram, R.H., Benn, D.I. Heterogeneous strain rates and the stress tensor at the surface of a temperate 
outlet glacier. In preparation 
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