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Abstract 

Tungnafellsjökull is a small ice-cap in the center of the Icelandic highlands. Little has been 

known about the long term evolution of the ice-cap during the last decades. To estimate the 

long term geodetic-balance of Tungnafellsjökull, the method of photogrammetry was used 

for creation of digital elevation models (DEMs) for the years 1960, 1986 and 1995. 

Additional DEMs from 2004, 2011 and 2013 were used for to estimate the surface changes 

of Tungnafellsjökull. In addition, radio echo sounding (RES) was used for measuring the 

thickness of the ice-cap.  

By comparing together DEMs that represents the glacier surface at different times, the 

surface elevation changes can be measured. The results indicate that the mass balance of the 

ice-cap was close to equilibrium for the period 1960 to 1995. From 1995 to 2013 the geodetic 

mass balance rate has been negative reaching -0.80 ± 0.39 m.w.e.y-1 for the period 1995 to 

2004. The response of Tungnafellsjökull to atmospheric temperature change since 1995 is 

in coherence with the available data from other glaciers in Iceland and in the northern 

hemisphere for the same period.  

From 1960 to 2013 Tungnafellsjökull lost 20% of its volume, or from 2.66 ± 0.08 km3 in 

1960 to 2.10 ± 0.01 km3 in 2013. The glacier area was reduced by ~ 16 % in the study period, 

from 37.56 ± 0.94 km2 in 1960 to 31.60 ±  0.79 km2 in 2013. Comparison with its 

neighboring glaciers indicate a stronger coherence with the mass balance of 

Köldukvíslarjökull outlet in NW-Vatnajökull rather than on Þjórsárjökull outlet in the 

eastern part of Hofsjökull.  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 



 

 

Útdráttur 

Tungnafellsjökull er lítill jökull (~ 32 km2) á hálendi Íslands en lítið er vitað um þróun þess 

jökuls undanfarna áratugi. Til að meta langtíma afkomu jökulsins var beitt aðferð sem ber 

saman hæðarlíkön sem útbúin eru út frá loftmyndum sem teknar voru árin 1960, 1986 og 

1995. Að auki voru hæðarlíkön frá 2004, 2011 og 2013 nýtt til að meta yfirborðsbreytingar 

á jöklinum. Einnig voru framkvæmdar íssjármælingar vorið 2013 sem gáfu upplýsingar um 

heildar rúmmál jökulsins.  

Með því að bera saman hæðarlíkön frá mismunandi tímum var hægt að reikna út 

rúmmálsbreytingar á yfirborði jökulsins.  Niðurstöðurnar gefa til kynna að afkoma jökulsins 

hafi verið nálægt jafnvægi á árunum 1960 til 1995. Frá 1995 til 2013 var afkoma jökulsins 

hins vegar neikvæð og verður hún mest neikvæð um -0.80 ± 0.39 metra vatnsgildi á ári á 

tímabilinu 1995 til 2004. Hop Tungnafellsjökuls í kjölfar hlýnandi loftslags frá því um 

miðjan 10. áratug 20. aldar helst í hendur við svipaðar breytingar sem mældar hafa verið á 

íslenskum jöklum og á öðrum jöklum á norðlægum slóðum á svipuðu tímabili.  

Áætlað rúmmálstap Tungnafellsjökuls fyrir tímabilið 1960 til 2013 er um  20 %, og minnkaði 

rúmmál jökulsins úr 2.66 ± 0.08 km3 árið 1960 niður í 2.10 ± 0.01 km3 árið 2013. Það svæði 

sem jökullinn huldi rýrnaði að sama skapi um 16% á sama tímabili. Samanburður við 

hefðbundnar afkomumælingar á nálægum jöklum gefa til kynna að meiri samsvörun sé í 

afkomu Tungnafellsjökuls og Köldukvíslarjökuls í vestanverður Vatnajökli en Þjórsárjökuls 

í austanverðum Hofsjökli. 
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1 Introduction 

With approximately 11% of the island being covered by glaciers, Iceland is located in the 

North Atlantic ocean just shy of the Arctic Circle (Björnsson & Pálsson, 2008). In the light 

of changing climate and increased melting of the world’s glaciers, smaller glaciers and ice 

caps have been found to be an important contributor to rising sea level (Chen et al., 2013; 

Meier et al., 2007). Glaciers being an important source for hydroelectric power in Iceland, 

information on their response to climate change is vital for infrastructure and planning 

(Jóhannesson et al. 2007). (Tómas Jóhannesson et al., 2007)  

The long term mass balance on some of the Icelandic glaciers has been determined with 

various methods in the last decades. Direct measurements of the surface mass balance have 

been conducted on the large ice caps since 1988, when mass balance measurements on 

Hofsjökull started (Jóhannesson et al. 2006). Langjökull and Vatnajökull have been 

measured since early 1990s (Björnsson et al., 2013). Geodetic mass balance has been 

determined for many glaciers and ice caps in Iceland (e.g. Pálsson et al. 2012). Meanwhile, 

the long term mass balance of smaller glaciers and ice caps has remained relatively unknown 

or at least not measured systematically.  

Tungnafellsjökull is an ice cap situated in the center of the Icelandic Highlands. The 

elevation range of the ice cap in 2011 stretches between 910 and 1520 meters above sea level 

(m a.s.l) and is located between Vatnajökull and Hofsjökull, (Figure 1.1).  

 

Figure 1-1. The geographical location of Tungafellsjökull ice cap. Data from the 

meteorological stations at Stykkishólmur and Hveravellir are presented in chapter 4.  

Through time, very little attention has been given to Tungnafellsjökull ice cap by 

researchers. The geographical location, rough conditions in its vicinity and its relatively 

small size contributes to the lack of interest and work in the area.  

First reported glaciological observations and measurements were done by the Icelandic 

meteorologist Jón Eyþórsson in 1955 and 1962 (Matthíasson, 1963).  The observation done 

in 1955 at the southernmost part of the glacier in Kaldagil gorge, indicated that the glacier 

had recently retreated approximately 150 meters and with signs in lateral moraines of surface 
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lowering at the front about 25 meters (Figure 1.2). A measurement of the winter 

accumulation on Tungnafellsjökull was conducted in the summer of 1962. In that year, the 

winter snow was measured to be 100 cm thick with density of 590 kg m-3 in the north-east 

part of the glacier at an elevation of 1430 and 1500 m a.s.l. (Matthíasson, 1963).  

The glacier has not been a part of the Iceland Glaciological Gociety (JÖRFÍ) glacier terminus 

variations monitoring that has been ongoing from the early 1930s (Sigurðsson & Einarsson, 

2014).  

Even though no prior study has been done on the long term geodetic balance of 

Tungnafellsjökull ice cap, similar studies have been conducted on other glaciers in Iceland. 

Geodetic mass balance of glaciers in south Iceland has been estimated by comparing 

elevation data from historical maps with digital elevation models (DEMs) created from the 

SPOT 5 satellite imagery and airborne Synthetic Aperture Radar (Gudmundsson et al., 2011; 

Magnússon, 2003).   Studies utilizing LiDAR DEM in a comparison with older elevation 

models have been conducted on various glaciers in Iceland in the past years, e.g. Hofsjökull 

ice cap (Jóhannesson et al., 2013) and south east Vatnajökull (Hannesdóttir et al., 2014; 

Hannesdóttir et al., 2010).  

 

Figure 1-2. Tungnafellsjökull ice cap and its surroundings. A shaded relief map is produced 

from DEMs from the LiDAR measurements in 2011 and the Pleiades satellite imagery in 

2013. 
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A similar study as presented here was conducted in 2013 on Drangajökull ice cap in north-

west Iceland. In that study, instead of using preexisting DEMs, aerial photographs were used 

to create DEMs at different times. Images from 1946, 1960, 1975, 1985, 1994 and 2005 were 

used in order to derive the geodetic mass balance (Belart, 2013; Magnússon et al., 2015). By 

utilizing the LiDAR DEM from 2011 as a reference, lower error estimates were obtained in 

the DEM because of greater accuracy of the ground control points used in the DEM creation.  

A study of the morphology at the terminal moraines at the west and north-west part of 

Tungnafellsjökull ice cap indicated that sediments was transported passively within the 

glacier (Evans, 2010). These findings were interpreted that the glacier was polythermal at 

the time when sediment were transported. Through time it has been considered that Icelandic 

glaciers are temperate glaciers (Björnsson, 2009), meaning that the ice is at pressure melting 

point throughout the glacier (Cuffey & Paterson, 2010). Although it is not the intention of 

this work to determine whether or not Tungnafellsjökull ice cap is or was polythermal, these 

speculations should be considered when the results are reviewed.    

The main aim of this study is to determine the geodetic mass balance of Tungnafellsjökull 

ice cap for the period 1946 to 2013. How has the development been relative to other glaciers 

in Iceland and on glaciers globally during this period? As a main tool, the method of 

photogrammetry and construction of DEMs from historical aerial images is applied. 

Moreover, to estimate the absolute volume change of the ice cap, Radio Echo Sounding 

measurements were carried out to acquire the ice thickness.  
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2 Methods 

 Available DEMs 

2.1.1  LiDAR 

Between 2008 and 2012 the majority of Icelandic glaciers and ice caps were measured with 

airborne Light Detection and Ranging equipment (LiDAR) (Jóhannesson et al., 2013). The 

LiDAR campaign was initiated during the International Polar Year 2007 and was a joint 

effort by the Icelandic Meteorological Office, Institute of Earth Sciences, University of 

Iceland, the National Land Survey of Iceland (NLSI) and other institutes and agencies. 

Tungnafellsjökull ice cap was measured with LiDAR on the 6th and 7th of August 2011, along 

with approximately 2 km wide area around the ice cap to capture glacial landforms and 

landscape. The measurements were conducted by the German company TopScan GmbH. 

Error estimates based on comparison with Differential Global Navigation Satellite System 

(DGNSS) on ice free areas from identical survey indicates an accuracy of 0.5 m in both 

horizontal and vertical positions of the LiDAR data (Jóhannesson et al., 2011). The density 

of the LiDAR point cloud allows for an interpolation of a DEM in 2 m resolution (Figure 

1.2). The DEM was used extensively in this study, for acquiring Ground Control Points 

(GCPs) for photogrammetry, to map glacier extent during Little Ice Age (LIA) maximum, 

for estimating the errors in DEMs created from photogrammetry and for acquiring surface 

slope for ice thickness approximations.( 

 

2.1.2  Pleiades 

Pleiades satellite imagery can be used for DEM creation through stereo-imagery (Bernard et 

al., 2012). The Pleiades is composite of two separate satellites, Pleiades 1A and Pleiades 1B, 

launched in 2011 and 2012, respectively. The two satellites are set on a sun-synchronous 

orbit, one on either side of the globe. This setup allows for a daily revisit capability anywhere 

on the globe and they acquire images in sub-meter resolution (0.5 m for the panchromatic 

channel) (Gleyzes et al., 2012). In this study a DEM of Tungnafellsjökull ice cap was created 

from Pleiades images acquired on the 9th of October, 2013 (Figure 2.1).     

The Pleiades DEM of Tungnafellsjökull is a test piece in a study of the accuracy of Pleiades 

DEMs produced for many different glaciers and ice caps worldwide published by Berthier 

et.al. (2014). When the Pleiades DEM was created, 5 ground control points acquired from 

the 2011 LiDAR DEM were used for reference. The comparison between the Pleiades and 

the LiDAR DEMs confirms great accuracy of the Pleiades DEM with mean elevation 

difference on ice free areas of 0.04 m and standard deviation (σ) of 0.51 m. A comparison 

with DGNSS measurements surveyed on 19th September 2013 show a great correlation 

between the Pleiades DEM and the DGNSS with a mean difference of -0.07 m and σ of 0.53 

m on the ice cap. These results are remarkable given that the glacier surface was completely 

covered with new snow at the time when the Pleiades images were taken which in case of 

most aerial photographs and optical satellite images results in very low contrast for tie point 
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matching. A great advantage of the Pleiades satellite for glaciological studies is the fact that 

at the panchromatic band the images are recorded using 12 bits binary format resulting in 

wide radiometric range. This leads to higher image contrasts for flat and uniform glaciers 

compared to the SPOT 5 images, recorded with 8 bits with much narrower radiometric range 

(Berthier et al., 2014).      

 

Figure 2-1. Pleiades DEM from 9th of October, 2013. Blue line represents the glacier margin 

in 2013. 

 

2.1.3  SPIRIT DEM 

A DEM from the SPIRIT (SPOT 5 stereoscopic survey of Polar Ice: Reference Images and 

Topographies) project was available from August 2004 (Jóhannesson et al., 2013). An 

interpolated 40 m x 40 m DEM of the glacier surface was used for geodetic mass balance 

measurements, whereas the original DEM had a few gaps on the glacier surface. The gaps 

were small (Figure 2.2) and interpolation was determined not to create great error or 

uncertainty in the volume change calculations.  For error estimations, the un-interpolated 

DEM was used for assessing the error between the SPIRIT and the LiDAR DEM (Figure 

2.2).  
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Figure 2-2. Spirit DEM from 2004. Blue line presents the glacier margin in 2013. 

 

 

2.1.4  Glacier outlines 

An important information for geodetic mass balance calculations is to determine the glacier 

area. Glacier outlines were delineated from the orthophotographs which are created from the 

oriented aerial images. Consistency in the work is critical to minimize variance it 

interpretation between datasets. In some images the glacier margin was covered with snow 

and therefore it was hard to determine the glacier outline at that particular area. The glacier 

margin at the end of the LIA was digitized from glacier moraines visible on the 2011 LiDAR 

DEM. The glacier outlines for 2011 and 2013 were mapped from appropriate DEMs 

represented as shaded relief maps (Figures 1.2 and 2.1).  
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 Photogrammetry and DEM creation 

In order to get an overview of the possibilities for a photogrammetric work, available aerial 

images from the chosen period were reviewed and assessed for quality. NSLI has the greatest 

collection of aerial images of Iceland. After a thorough review, aerial images from 1960, 

1986, 1987 and 1995 were chosen (Table 1).  

 

The oldest images available for Tungnafellsjökull, from 1946, were acquired by the United 

States Army Map Service (AMS). The AMS images of Tungnafellsjökull did not meet the 

required quality to be used for photogrammetry and DEM creation due to cloud cover and 

saturation of the images over the glacier covered area. Only an old scanned version of the 

aerial images was available and the original film was not present. However, the outline of 

the glacier is visible on these images and therefore they are included in this study. 

 

Date Nr. of images (strips) Direction of flight Pixel size       Altitude  

24.8.1995 10 (2) E-W 15 microns 6096 

21.8.1987 5 (1) E-W 15 microns 6096 

18.8.1986 10 (2) E-W 20 microns 5486 

17.7.1960 4 N-S 15 microns 5480 

12.8.1960 5 (2) N-S 15 microns 5450 

Table 1. Overview of the aerial images used for DEM creation 

 

Figures 2.3 to 2.6 show the strips of images used for DEM creation. The 1960, 1986 and 

1987 images had good contrast on the accumulation area, facilitating recognition of features 

on the surface and DEM creation. The images from 1995 were of good quality except for 

low contrast on the highest part of the ice cap.  

 

The images from 1986 were of good quality except for the fact that the two adjacent flight 

lines did not overlap leading to a gap forming in the middle of the glacier. A DEM deduced 

from a flight line from 1987 was used to close the gap. The gap in the 1986 data was filled 

up by shifting the 1987 elevation data according to the difference on the glacier and shifting 

the elevation data according to the bias. Then a DEM covering the whole glacier surface was 

created. Hereafter the combined 1986-1987 DEM is referred to as the 1986 DEM unless 

other stated.  
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2.2.1  Orientation of aerial images 

Creation of DEMs from historical aerial images takes time and involves many different steps 

on the way. Solving the internal and external parameters of the sensor used each time is 

fundamental and the availability of information differs between datasets. Solving the interior 

orientation involves reconstructing the internal parameters of the sensor, in this case a 

camera, with an internal reference system. This work follows the principles and workflow 

in photogrammetry described by Belart (2013). Images from the same date were compiled 

into block files and oriented all at once.  

ERDAS software was used for image viewing and processing. Leica Photogrammetry Suite 

(LPS) was used for the whole photogrammetric process, from interior and exterior 

orientation to DEM extraction. Automatic Terrain Extraction (ATE), is included in the LPS 

software and is used for DEM creation from the aerial photographs. The CloudCompare 

software was used for acquiring ground control points and editing of the point clouds. ArcGis 

was used for rectification of the 1946 images.  

 

Figure 2-3. Aerial images from 1960 used for DEM creation. July, left, and August, right. 
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Figure 2-4. Aerial images from 1986 used for DEM creation. 

 

 

Figure 2-5. Aerial images from 1987 used for DEM creation 
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Figure 2-6. Aerial images from 1995 used for DEM creation 

2.2.2  Internal parameters 

The first steps in the interior orientation is to find the initial approximation for the values 

of internal parameters that will eventually be corrected in later stages of the progress. The 

internal parameters of the sensor are found in a calibration certificate prepared for each 

flight series or camera. The parameters include the focal length and radial distortion of the 

lens, coordinates of fiducial marks defining the fiducial coordinate system (Figure 2.7).  

For the images from 1986, 1987 and 1995, complete calibration certificates are available 

and included all the parameters mentioned above. Establishing a reliable fiducial 

coordinate system for the images is vital for the next stages of the orientation. The fiducial 

system defines the location of features and objects visible on the image in image 

coordinates, (Figure 2.8). Fiducial marks on aerial images work as fixed reference points 

for the fiducial system, (Figure 2.9). The coordinates of each fiducial mark is given in the 

fiducial system is provided in the calibration certificates. The measurements of fiducial 

marks on aerial images is highly automated after the initial measurements of one fiducial 

mark has been done.  

For the 1960 images, an established fiducial system was not available and no usable 

fiducial marks were on the images. In that case, a new pseudo-fiducial system was created, 

utilizing shapes on the image frame (Figure 2.7). Information about the lens focal length 

and radial distortion were available from Spriggs (1966).  
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Figure 2-7. Examples of fiducial marks on aerial images. 1995, left, and 1960, right. On the 

1995 images, an established fiducial system with proper fiducial marks was present.  

 

2.2.3  External parameters 

Parameters for solving the orientation of the exterior of the camera are the coordinates of the 

Point of View (PV), marked as o in Figure 2.8, in a predefined ground reference system and 

rotation parameters of the camera. PV was found by measuring the center of the images in a 

set reference system, in this case the ISN93. The rotational parameters, omega (Ω), phi (Φ) 

and kappa (κ) were approximated in the initial stages, (Figure 2.9).  Ω and Φ were set as 

zero, assuming that the flight was stable and κ was set in regards of the direction of the flight. 

The direction west to east was set as 0° and growing anticlockwise.  

 

 

 

 

 

 

 

 

 

 

Figure 2-8. Main parameters for internal orientation. (ERDAS, 2009) 
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2.2.4  Image measurements 

Measuring Ground Control Points (GCPs) and tie points was the next step in the orientation 

process. GCPs are used to link together objects and shapes that are visible on the ground and 

in the aerial images. Geographical positions are assigned to these objects in a set reference 

system. Tie points link together images in the same flight series by utilizing objects on the 

ground that are visible in more than one image.  

To minimize errors in the image orientation and DEM creation, the LiDAR DEM from 2011 

was used as a reference surface and to acquire GCPs. A shaded relief version of an 

interpolated LiDAR grid with 2mx2m cell size was used as a visual reference. When 

common features in the shaded relief image and the aerial photographs had been identified 

and selected as GCP its physical location of the GCPs was generally selected directly from 

the LiDAR point cloud but not the interpolated grid. In total 47 GCPs were selected from 

the point cloud and the shaded relief map, (Figure 2.10). GCPs consisted mainly of big rocks 

and boulders that are visible both on the LiDAR DEM and on the aerial images. GCPs were 

chosen where the landscape was likely to be stable, for example not on steep glacial 

moraines. Snow cover differs between the years and some objects used as GCPs were not 

visible in all images.          

Tie points were created automatically with Automatic Tie Point Generator in LPS. 

Preferably, tie points would appear in as many images as possible for greater success of 

solving the image orientation. Linking flight lines together is also vital and a minimum of 6 

tie points are required for each image to achieve the desired results. For most images in this 

study, higher number of tie points were available. The results of the Automatic Tie Point 

Generator depend highly upon the quality of the images.  For snow covered areas where the 

images had low contrast, tie points were often not created by automatic methods but could 

sometimes be added manually. All tie points had to be checked and corrected to minimize 

errors in orientation of the images. Tie points were assigned coordinates in a set reference 

system when the orientation was accepted.  

Solving the orientation of the image blocks was done by using bundle adjustment for 

making the combined least square adjustment of the measurements for each flight series. 

The bundle adjustment relies on equations of collinearity describing the relation between 

Figure 2-9. Left: Presentation of file and image coordinate systems. Right: Exterior 

parameters of the camera, Ω (rotation around X-axis),  Φ (rotation around Y-axis) 

and κ (rotation around Z-axis). (ERDAS, 2009).  
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vectors in the ground and image referred to the same objet or point, appearing both in the 

terrain and in the image (Triggs et al., 2000). The adjustment works for all images in a 

block simultaneously utilizing the measurements of GCPs, tie points and parameters of the 

camera.  The results of the orientation are presented as Root Mean Square Errors (RMSE). 

The RMSE for all DEMs are presented in Table 2 along with estimated accuracy of image 

coordinates (σ0). Lower values of RMSE indicate better solution for the interior 

orientation.  

 

Figure 2-10. Figure 2.10. Overview of GCPs used for image orientation. The maps also 

show the extent of the LiDAR DEM from 2011. 
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2.2.5  DEM extraction  

ATE was applied for DEM creation from the oriented aerial images. The automatic process 

matches points that are common in the stereo images. The success of the ATE depends highly 

upon the quality of the orientation and the images. For some of the years, especially 1995, 

new snow in the accumulation area caused low contrast and therefore were fewer common 

features and points detected between images. The results of the measurements are presented 

in a point cloud containing spatial coordinates of the analyzed points. The point cloud is 

reviewed and edited both in LPS Terrain Editor and CloudCompare to erase wrongly 

displaced points and prepare the dataset for the final stages the work. Point clouds can be 

viewed in Appendix D. The difference between the clean point cloud and the LiDAR DEM 

is then interpolated in Surfer and presented as a rectangular grid with 20m X 20 m grid cell 

size.  This is done because interpolating the point clouds can create unrealistic landforms 

where distance between points can be great and affect volume calculations. Interpolating the 

elevation difference is more likely to retain the actual volume change (Cox & March, 2004).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Year 

 

σ0 (pixels) 

RMSE 

X (m)                    Y (m)                  Z (m) 

1960 July 0.909 0.892 1.444 0.6043 

1960 August 1.1324 1.174 0.9415 1.1649 

1986 North 0.6911 0.2078 0.454 0.482 

1986 South 0.8155 0.1959 0.919 0.614 

1987 0.67 0.5286 0.931 0.577 

1995 0.447 0.4148 0.6043 0.6137 

Table 2. Overview of the quality of the orientation for aerial images. 
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2.2.6  DEM quality estimations 

To assess the quality of the DEM created from aerial imagery, elevations of the ice and snow 

free areas are compared to the LiDAR DEM from 2011. The difference between the LiDAR 

and the point clouds are presented on a grid. Through statistical analysis, bias and standard 

deviation (σ) was deduced at the ice free area (Table 3). Points where the resulted absolute 

difference was   >4σ (where σ stands for standard deviation of the original point cloud) were 

classified as outliers and excluded in the error estimations of the DEM and geodetic mass 

balance.  It should be noted, that even though the ice free areas were chosen for comparison 

and error estimation, changes on ice cored glacial moraines which have been classified as 

ice free can cause spikes in the residuals.     

 

Reviewing the maps based on the error estimates, it is apparent that the highest values of 

error are on steep mountain slopes where a small shift in horizontal coordinates can cause 

significant increase in vertical error (Toutin, 2002).  

 

The vertical coordinates in the DEMs created from the aerial photography were shifted 

according to the bias measured on the ice free area before being used for ice volume 

estimates.   

 

Year Bias (m) σ (m) 

1960 July 0.56 3.3 

1960 August 1.16 2.9 

1986  0.9 2.4 

1987 0.6 2.3 

1995 -0.43 1.8 

2004 -2 4.8 

2013 0.01 0.68 

Table 3. Overview of bias and standard deviation after outlier removal for the DEMs used 

for geodetic mass balance calculation.  

 

Due to high saturation and low contrast on snow covered areas in the 1995 images, less data 

was acquired at the higher part of the accumulation area than for the other years. That leads 

to greater distance between data-points used for interpolating the point cloud for 1995, hence 

greater uncertainty of the surface elevations at the highest area of the ice cap. This must be 

kept in mind when the volume changes and geodetic balance are interpreted.  
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Figure 2-11. Difference between the August 1960 point cloud and the 2011 LiDAR DEM in 

ice and snow free areas. Background shaded relief is based on LiDAR and Pleiades DEMs. 

 

 
Figure 2-12. Dispersion of the difference between the August 1960 point cloud and the 

2011 LiDAR DEM. 
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Figure 2-13. Difference between the July 1960 point cloud and the 2011 LiDAR DEM in 

ice and snow free areas. Background shaded relief is based on LiDAR and Pleiades DEMs. 

 
Figure 2-14 Dispersion of the difference between the July 1960 point cloud and the 2011 

LiDAR DEM.  
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Figure 2-15. Difference between the 1986 point cloud and the 2011 LiDAR DEM in ice 

and snow free areas. Background shaded relief is based on LiDAR and Pleiades DEMs. 

 
Figure 2-16. Dispersion of the difference between the1986 point cloud and the 2011 

LiDAR DEM. 
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Figure 2-17. Difference between the 1987 point cloud and the 2011 LiDAR DEM in ice 

and snow free areas. Background shaded relief is based on LiDAR and Pleiades DEMs. 

 
 

Figure 2-18. Dispersion of the difference between the 1987 point cloud and the 2011 

LiDAR DEM. 
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Figure 2-19. Difference between the 1995 point cloud and the 2011 LiDAR DEM in ice 

and snow free areas. Background shaded relief is based on LiDAR and Pleiades DEMs. 

 
 

Figure 2-20. Dispersion of the difference between the 1995 point cloud and the 2011 

LiDAR DEM. 
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Figure 2-21. Difference between the 2004 SPIRIT and the 2011 LiDAR DEM in ice and 

snow free areas. Background shaded relief is based on LiDAR and Pleiades DEMs. 

 
 

Figure 2-22. Dispersion of the difference between the 2004 SPIRIT DEM and the 2011 

LiDAR DEM. 
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Figure 2-23. Difference between the 2013 Pleiades DEM and the 2011 LiDAR DEM in ice 

and snow free areas. Background shaded relief is based on LiDAR and Pleiades DEMs. 

 

 
Figure 2-24. Dispersion of the difference between the 2013 Pleiades DEM and the 2011 

LiDAR DEM. 
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 Calculations of geodetic mass balance 

 

To ensure accuracy when calculating the geodetic mass balance, all elevation data, either 

derived from photogrammetry or SPIRIT or Pleiades DEMs, were compared with the 

LiDAR DEM from 2011. For the years 1960, 1986 and 1995, the difference in elevation was 

measured between every point cloud and the LiDAR DEM. For 2004 and 2013, the complete 

DEMs were compared with the LiDAR DEM after being resampled to the same grid 

resolution.    

 

 

To calculate the total volume change, 𝛿𝑉, of the glacier for a specific period, the Volume 

function in Surfer was used. The function imports a file of the gridded elevation difference 

between the respective point cloud and the 2011 LiDAR DEM and calculates the volume 

within the area of greatest extend (for the point cloud and LiDAR dates) using Trapezoidal 

Rule.   

 

 

To find the average annual mass balance rate, �̇�, in m.w.e.y-1, for a specific period starts with 

calculating the difference in volume change between two adjacent periods. For example to 

find the mass balance of the period 1960 to 1986, the volume change for the period, 𝛿𝑉, is 

first calculated  

 

 𝛿𝑉1960−1986 = 𝛿𝑉1960−2011 − 𝛿𝑉1986−2011 (1) 

 

where ∆𝑉1960−2011 and ∆𝑉1986−2011 are the mass change during the periods 1960 to 2011 

and 1986 to 2011, respectively. In order to change the volume change to mass balance rate, �̇�,   

 

 
�̇� =

𝛿𝑉 ∗ 𝑓∆𝑣 

�̅� ∗ 𝛿𝑡
   

(2) 

 

where 𝛿𝑉is multiplied by a conversion factor, 𝑓∆𝑣 ,to determine the mass change in meters 

water equivalent, �̅� is the average glacier covered area during the period, in the case of 1960-

1986 (A1960 + A1986)/2, and 𝛿𝑡 is the number of years for the chosen period,( 𝑡2 – 𝑡1). The 

applied conversion factor of fΔv = 850 ± 60 kg m-3 was derived from Huss (2013), for time 

difference > 3 years between geodetic observations. During such long periods it can be 

assumed that not only ice is removed due to melting, but also due to removal of low density 

firn layers and changes in the firn density. For periods shorter than 3 years, this factor can 

differ dramatically and caution should be kept when interpreting the geodetic balance, 

especially if little volume change is measured or if there is a change in the mass balance 

gradient (Huss, 2013).   
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2.3.1 Uncertainty calculations 

To estimate the accuracy of the geodetic mass balance a method described by Rolstad et al. 

(2009) was used. The method assesses the uncertainty of the geodetic mass balance by 

considering the error on the ice free area. A semivariogram presents the variance, γ(d), of a 

given variable as a function of the distance, d, between sampled locations. The 

semivariogram is prepared in WinGslib (© Statios LLC) and the spherical semivariogram 

model is fitted manually to the semivariogram (Figure 2.25). The spherical semivariogram 

model is described by equation 3:   

  

 𝛾(𝑑) = 0 

           = 𝑐0 + 𝑐1  [
3𝑑

2𝑟
 
1

2
− (

𝑑

𝑟
)

3

]  

           = 𝑐    

 

     𝑑 = 0 

                0 < 𝑑 < 𝑟 

    𝑑 > 𝑟 

 

(3) 

where c=c0 + c1, c0 is the nugget and presents the spatially uncorrelated variance, c is the 

sill, or the maximum spatial correlation between points. The range, r, gives the distance 

within which some correlation exists between points and d is the sampling distance.  

 

 

 

 

 

 

 

 

 

To estimate the uncertainty in the mean elevation change over the whole glacier surface 

based on the semivariogram for residuals on ice free areas, 𝜎𝐴
2 ,  equation 4 is applied. It 

calculates the variance, 𝜎𝐴
2 ,  of mean elevation difference over area A for a circular glacier 

surface with radius L:  

Figure 2-25. A semivariogram (dotted line) and a spherical semivariogram model (red line) 

for the errror on ice-free areas in July 1960.  
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 𝜎𝐴
2 = 𝑐                                                                                             𝐿 ≤ 𝑑 

= 𝑐1 [1 −
𝐿

𝑟
+

1

5
 (

𝐿

𝑟
)

3

]                                                          𝐿 < 𝑟 

=
1

5
 𝑐1

𝑟2

𝐿2
                                                                                 𝐿 > 𝑟. 

(4) 

Table 4 presents the uncertainty for each DEM based on the calculations described above.   

Year ∆ℎ̅ (m) 

1960 July 2.29 

1960 August 1.98 

 
1986 1.31 

1987 2.17 

1995 3.66 

2004 1.58 

2013 0.29 

Table 4. Uncertainty in elevation change on the glacier surface. 

 

The uncertainty in volume changes between two adjacent periods, ∆𝛿𝑉, is found by  

 
∆𝛿𝑉 = √(𝐴2 ∗ ∆ℎ̅2)

2
+ (𝐴1 ∗ ∆ℎ̅1)2 

(5) 

where 𝐴 is the glacier area at respective period and ∆ℎ̅ = 1.96 ∙ 𝜎𝐴 where 𝜎𝐴 is found from 

equation 5 for each DEM. The factor 1.96 is due to the conversion from 68% confidence 

level to 95% confidence level assuming that the mean error in the elevation difference  is 

normally distributed (Magnússon et al., 2015). To estimate the uncertainty in volume 

changes with DEMs that are combined from two point clouds, such as 1960, combining the 

error for the two sections of the glacier that together complete the glacier surface, with:  

where 𝐴2𝑎and 𝐴2𝑏are the areas that combined make the glacier surface for the time 2.  

 

Estimating the uncertainty in the geodetic mass balance, ∆�̇�, combines uncertainty in 

volume change, area measurements and uncertainties regarding the conversion factor. The 

Equation 7 describes the calculations  

 

 ∆𝛿𝑉 = √(𝐴2𝑎 ∗ ∆ℎ2𝑎)2 + (𝐴2𝑏 ∗ ∆ℎ2𝑏)2 + (𝐴1 ∗ ∆ℎ1)2 (6) 
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∆�̇� = √(∆𝛿𝑉 
 𝜕�̇�

𝜕𝛿𝑉∗
)

2

+  (∆�̅�
 𝜕�̇�

𝜕�̅�
)

2

+  (∆𝑐𝛿𝑉  
𝜕�̇�

𝜕𝑐𝛿𝑉
)

2

 

=
1

𝛿𝑡
 √(∆𝛿𝑉 

𝑐𝛿𝑉 

�̅�
)

2

+  (∆�̅�
 𝛿𝑉𝑐𝛿𝑉 

�̅�2
)

2

+  (∆𝑐𝛿𝑉  
𝛿𝑉

�̅�
)

2

 

(7) 

where ∆𝑐𝛿𝑉 is the uncertainty for the conversion factor (60 kg m-3) and ∆�̅� is the uncertainty 

in the area measurements, set as 0.8 km2 corresponding to  2.5 % of the mean glacier area 

for the whole period. For the shortest period, from 2011 to 2013, the uncertainty in the 

conversion factor was set as 120 kg m-3 because of greater uncertainties in changes in the 

firn density over such a short period.  

For periods shorter than three years, great caution should be kept when interpreting the 

geodetic balance, especially if little volume change is measured or if there is a change in the 

mass balance gradient (Huss, 2013).  
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 Radio echo sounding measurements 

The application of low frequency (1-10 MHz) Radio Echo Sounding systems on sub-polar 

temperate glaciers has proven to be the most efficient and successful method for determine 

the ice thickness of the subjected glaciers and ice caps (Björnsson, 2009). At higher 

frequencies, the electromagnetic waves scatter unevenly on water filled cavities and the 

reflection from the bottom cannot be distinguished from internal backscatter. The 

wavelength of the signal at 1-10 MHz is much greater than the anticipated size of water filled 

cavities and tunnels and can therefore penetrate trough the temperate ice towards the bottom 

and back without to many scattering (Hagen & Sætrang, 1991). 

Since 1979, RES measurements have been carried out on all the big ice caps in Iceland to 

determine ice thickness and volume (Björnsson & Einarsson, 1990; Björnsson et al., 2000). 

As mentioned before, very little attention has been given to Tungnafellsjökull prior to this 

study; hence no RES data have been obtained on this ice cap.  

2.4.1  The transport of waves through ice 

Glaciers are for the most part made of uniform ice, which has been made through years of 

accumulation of snow on the glacier surface. A small proportion of the glaciers is made up 

of rock debris, water and cavities.  

The theory of RES technique has been explained in detail by Sverrisson et al. (1980), and 

Björnsson (1987).  

Ice thickness can be found with RES measurements by determine the difference in travel 

time of the direct electromagnetic wave between the transmitter and the receiver and the 

reflective wave from bedrock (Magnússon et al., 2012).  The thickness, h, is then determined 

as  

 

ℎ = [(
𝑇 ∗ 𝑐𝑖𝑐𝑒

2
)

2

− (
𝑎

2
)

2

]

1/2

 (8) 

 

where T is the travel time of the wave through ice,  cice is the velocity of an electromagnetic 

wave in ice and a is the distance between transmitter and receiver antenna centers. The 

velocity of electromagnetic waves in glacier ice depends mainly on the density of the ice. 

Other factors that have an impact on the velocity are the temperature of the ice, amount of 

water, air, and sediments within the ice (Stuart et al., 2003).  For RES measurements on 

Icelandic glaciers, the velocity of the electromagnetic waves has been estimated to be v = 

169 m µs-1 in ice with the density of 910 kg m-3 (Björnsson et al., 2000).  
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Figure 2-26. Schematic illustration of RES setup. Based on a figure in Björnsson et.al. 

(2000). 

 

2.4.2  Setup of RES in the field 

The setup for continuous RES has been developed over many years and proven to be highly 

effective for measuring ice thickness of Icelandic temperate glaciers (Magnússon et al., 

2012; Mingo & Flowers, 2010). 

The RES is a mono pulse system. The transmitter and the receiver, along with a 

corresponding dipole antenna, are placed on sledges and towed behind a snowmobile, 

(Figure 2.26). The receiver has a bandwidth of 1-5 MHz and the received signal is recorded 

digitally through an oscilloscope attached directly to the receiving antenna. The oscilloscope 

is then linked to a laptop PC through a USB cable that stores the data and processes it with 

the IceRadar software (Mingo & Flowers, 2010). The software can display the radar signal 

from the bedrock on a radargram where the number of measurements are displayed on the 

x- axis and timing of recorded reflection relative to start of recording for each shot on the y-

axis. A differential global navigation satellite system (DGNSS) device to measure accurate 

location and elevation of the glacier surface is placed on the snowmobile towing the sledges. 

A second GNSS device is located on the receiver sledge to acquire the location of the sledge 

relative to the snowmobile and to get a precise timing of the returning signal (Björnsson et 

al., 2000; Magnússon et al., 2012).  
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2.4.3  Preparation  

During the preparation before the expedition to Tungnafellsjökull, the aim was to measure a 

dense grid of continuous RES profiles on the glacier. Previous RES surveys on Icelandic 

glaciers have been on a grid with about 1km between measurement lines (Björnsson et al., 

2000). By surveying a denser grid (of RES profiles), with 300 to 500 meters between lines, 

higher spatial resolution can be obtained in the final bedrock map. The measurement lines 

were planned so that for the most of the area they would align either with an ascending or 

descending slope. This arrangement of measurement profiles makes driving the snowmobile 

easier and it is less likely that the sledges roll over.   

 

 

Figure 2-27. Left: Eyjólfur Magnússon doing RES survey on Tungnafellsjökull, May 2d 2013. 

Right: Portable cabin on skis that was used as a camp during the fieldwork in May 2013. 
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Figure 2-28. RES lines measured on Tungnafellsjökull on the 2d. of May, 2013. Sites where 

Surface mass balance was measured are marked with blue dots. The 2d radargrams from 

the RES measurements can be viewed in Appendix B. 

 

2.4.4  Post processing  

On the May 2nd 2013, RES measurements were conducted on Tungnafellsjökull. In total 134 

km of RES lines were measured in rough weather conditions and bad visibility. 

Approximately 95 % of the ice cap was covered with RES and only the steepest parts were 

not measured. As mentioned above, the data collected on Tungnafellsjökull was visualized 

on 2d radargrams, (Figure 2.29). To begin with, the reflecting signal is registered as a 
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function of time on the radargrams. The time presented on the x axis is converted to distance 

in meters in Matlab (© Mathworks) according to the data from the DGNSS.  The radargrams 

are interpreted and the glacier bed is digitized in Surfer 10 (© Golden Software). The 

digitized signal is given a location in easting, northing and altitude coordinate system, 

according to the DGNSS location from the snowmobile. The DGNSS did not acquire 

locations for Line 0, on the northern part of the ice-cap, hence only GNSS data from the 

receiver sledge could be used. To compensate for accurate elevation data, the mean elevation 

difference between the DGNSS altitude on nearby RES lines and the 2011 DEM was 

subtracted from the 2011 DEM to acquire an elevation profile for Line 0.     

In the calculations of the ice thickness the distance between the transmitter and the receiver 

is assumed to be a constant. Sharp turns while driving on the glacier make the distance 

between the transmitter and the receiver shorter and alter the alignment of the antennas. Data 

obtained at such turns were therefore excluded in the post processing.  The location of the 

reflected signal is assumed to be between the transmitter and the receiver. This location is 

determined by shifting the location acquired with the DGNSS to the center-point between 

the two sledges. The area illuminated by the radar beam can however be up to 200 m wide. 

The reflection from the bedrock for a single point measurements can be from anywhere 

within the radar beam at distance equal h (Eq. 4) from the center point. With series of 

measurements carried out along a profile it is possible to compensate for this geometrical 

effect, by applying a migration on the digitized backscatter (Magnússon et al., 2012). For 

Tungnafellsjökull the difference between digitized bed profiles, before and after migration 

is generally small (typically < 2m) due to how thin the ice is. The migration is also more 

accurate if the alignment of the profiles is along the bed slope direction. Otherwise 

reflections from the bed alongside the measured profiles can skew the results of the ice 

thickness underneath the measured profile. Without any prior knowledge of the bed, the most 

likely direction of the bed slope is generally the direction of the surface slope, which justifies 

further the alignment of the profiles.  

 

Figure 2-29. A 2d radargram from RES line 8 on Tungnafellsjökull ice cap. The wide white 

line is interpreted as the bedrock signal. 

On steep slopes, where RES could not be conducted, ice thickness was approximated from 

the glacier surface slope. The ice thickness, h, was approximated by: 

 ℎ =
𝜏0

𝜌𝑖𝑔𝛼
 

(9) 
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where, assuming plastic ice, the constant yield stress, τ0, of 100kPa. ρi is the density of ice 

910 kg/m3,  g is the acceleration of gravity and 𝛼 is the surface slope derived from the LiDAR 

DEM (Cuffey & Paterson, 2010). Bedrock elevation is then calculated by subtracting the 

approximated ice thickness from the 2013 DEM of the glacier surface.  

The first step in creating a DEM of the subglacial bedrock is to interpolate the bedrock 

elevation data from the RES measurements and the ice thickness approximations. The 

interpolation is carried out in Surfer 10 using a Kriging method with a search radius of 3000 

meters. In addition to the RES data, elevation of the margin of the glacier and nunataks, 

digitized from the LiDAR DEM from 2011, are used for interpolating the bedrock elevation 

map. The results from the first interpolation is a grid of 20 m resolution which is presented 

as elevation contours with 20 m interval, for manual interpretation. The results from the first 

interpolation is reviewed and visually assessed and revised version on the contour lines, 

generally also 20 m interval, is manually digitized. Unrealistic landscape generated by the 

interpolation, such as highs or lows located at the survey lines rather than continuous ridges 

or valleys, is normally because of too long distance between RES profiles. The shape of the 

glacier surface gives a strong indication of the landscape underlying the ice. Where crevasses 

form on the surface, an uneven bedrock or a hill can be expected below. 

 

Figure 2-30. Processing RES data. Blue contour lines are directly from the first 

interpolation, black lines are manually edited. 

For further iterations, only the elevation data from the manually digitized contour lines and 

glacier margin elevations were included in the interpolation. The bedrock elevations from 

the ice thickness approximations were used for reference when editing the bedrock map in 

the final stages. Even though the direct RES measurements were not included in the final 

bedrock map creation, the elevation difference was kept to a minimum between the RES 

bedrock elevations and the elevations in the final bedrock map (Figure 2.31). The mean 

difference was 0.03 m and σ 1.52 m. In order to finish a complete map of the subglacial 

bedrock, 15 iterations were carried out. 
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To assess the reliability of the digitizing of the 2d radargrams, the difference in ice thickness 

was measured at 51 profile crossing points. The RMS difference for these points was 2.2 m 

which indicates good consistency and continuity in the digitizing of the 2d radargrams. 

The final bedrock elevation map is created by subtracting ice thickness DEM from the 2011 

LiDAR surface DEM and hence a continuous DEM of the glacier bed and the ice free area 

is created.  

 

Figure 2-31. Dispersion of elevation difference between the bedrock elevation derived 

from RES measurements and the final subglacial bedrock map. 
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 Measurements of surface mass balance 

In May 2013, at the same time as the RES survey was carried out on Tungnafellsjökull, the 

winter balance was measured at three locations on the ice cap, (Figure 2.28). For practical 

reasons the group joined the annual spring expedition of Landsvirkjun National Power 

Company and Institute of Earth Sciences on Vatnajökull. This was done to share equipment 

and manpower.   Because of difficult landscape and distance travelled on that day only three 

measurements of the winter balance were carried out (Figure 2.32). The winter balance is 

measured by extracting snow cores from the winter snowpack with a core driller powered 

by a generator. Each snow core was weighed and its length and diameter measured to 

calculate the snow density and retrieve the winter balance from the snow cores above 

previous autumn layer. Ablation wires were placed at the measurement sites be melting holes 

with a hot-steam drill. The wires were then put into the holes and attached to metal stakes at 

the surface so they could be located easier in the autumn.  

On September the 18th the same year, the summer ablation was measured. The first winter 

snow made travelling to the ice-cap and locating the ablation wires difficult. At one 

measurement site the metal stake had fallen into a crevasse so quite amount of digging had 

to be done in order to measure the length of the wire.  

To estimate the net mass balance, calculations of the winter and summer balances are needed.     

In the ablation area of the ice cap, at TU01, if all the winter snow is melted during the summer 

time, then the summer balance, bs, is calculated by  

 𝑏𝑠 = −(𝑏𝑤 + 𝜌𝑖(𝐿𝑎 − 𝐿𝑠 − ℎ𝑤)) (10) 

where 𝑏𝑤 is the winter balance as water equivalent, ρi is the density of ice, La is the length 

of the ablation wire on the surface in the autumn, Ls is the length of the ablation wire in the 

spring and hw is the thickness of winter accumulation. In the accumulation area, where not 

all the winter snow is melted away in the summer, bsA, is found by  

 bsA = −(𝑏𝑤 + (𝐿𝑎 − 𝐿𝑠 − ℎ𝑤) ∗ 𝜌𝑓) (11) 

the density of one year old firn, ρf , is set as 600 kg m-3. Subsequently, the net mass balance, 

bn, is calculated as 

 𝑏𝑛 = 𝑏𝑤 + 𝑏𝑠. (12) 

The details from the point mass balance measurements are presented in Appendix A.  
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Figure 2-32. Left: Difficult conditions on the road towards Tungnafellsjökull in September 

2013.  Right: Eyjólfur Magnússon next to the ablation stake at TU03.   

Figure 2-33. The author searching for the ablation stake at TU01 in September 2013. 
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3 Results 

 Geodetic mass balance 

 

Figure 3-1. The geodetic mass balance of Tungnafellsjökull 1960 to 2013. 

The results of the geodetic mass balance calculations for Tungnafellsjökull are presented on 

Figure 3.1 and Table 3. The period presented depends on available aerial images for DEM 

creation. Little volume change is observed between 1960 to 1986 followed by a 

nonsignificant different balance between 1986 and 1995. A significantly negative balance is 

measured for the period 1995 to 2004 when �̇� reaches -0.80 ± 0.39 m.w.e.y-1. The balance 

continues to be negative for the periods 2004 to 2011 and 2011 to 2013. The glacier wide 

geodetic balance for the whole period is -0.28 ± 0.03 m.w.e.y-1. 

 

 1960-1986 1986-1995 1995-2004 2004-2011 2011-2013 

 �̇� (m.w.e.y-1) 0.01 ± 0.07 -0.11 ± 0.37 -0.80 ± 0.39 -0.73  ± 0.19 -0.68 ± 0.12 

Table 5. Values for the geodetic mass balance rate of Tungnafellsjökull ice cap, 1960 to 

2013. 
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Figure 3-2. The average annual surface elevation change of Tungnafellsjökull ice-cap 1960 

to 1986. Background shaded relief is based on LiDAR and Pleiades DEMs. Unbroken line 

is the glacier margin in 1960 and the dashed line is the margin in 1986. 

The average annual surface elevation change of Tungnafellsjökull for the period 1960 to 

1986 is presented on Figure 3.2. Advance of about 200 meters is visible on the terminus of 

Innri Hagajökull and a slight advance of the front of Fremri Hagajökull. In general the glacier 

is close to equilibrium with a net balance of 0.01 ± 0.07 m.w.e.y-1. Low uncertainty is 

explained by the length of the period and good constrain on the DEM creation as seen on 

table 4.  
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Figure 3-3. The average annual surface elevation change of Tungnafellsjökull ice-cap 1986 

to 1995. Background shaded relief is based on LiDAR and Pleiades DEMs. Unbroken line 

is the glacier margin in 1986 and the dashed line is the margin in 1995. 

The average annual surface elevation change of Tungnafellsjökull for the period 1986 to 

1995 is presented on Figure 3.3. An advance on the small outlet of Fremri Hagajökull is 

apparent with significant surface lowering at higher altitudes. Due to high saturation and low 

contrast of the 1995 images, elevation changes at higher altitudes should be taken with 

caution. Slight downwasting at lower altitudes are although apparent. The obtained geodetic 

mass balance rate is -0.11 ± 0.37 m.w.e.y-1. 
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Figure 3-4. The average annual surface elevation change of Tungnafellsjökull ice-cap 1995 

to 2004. Background shaded relief is based on LiDAR and Pleiades DEMs. Unbroken line 

is the glacier margin in 1995 and the dashed line is the margin in 2004. 

The average annual surface elevation change of Tungnafellsjökull for the period 1995 to 

2004 is presented in Figure 3.4. Widespread surface lowering over the whole elevation range 

characterize this epoch, with net geodetic mass balance rate calculated -0.80 ± 0.39 m.w.e.y-

1. The most negative balance is at Fremri Hagajökull where the outlet had advanced during 

the prior period, although slightly positive elevation change is observed higher on the outlet 

in the accumulation area. The ice cap loses significant area at the south and north part.  
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Figure 3-5. The average annual surface elevation change of Tungnafellsjökull ice-cap 2004 

to 2011. Background shaded relief is based on LiDAR and Pleiades DEMs. Unbroken line 

is the glacier margin in 2004 and the dashed line is the margin in 2011. 

For the period 2004 to 2011 we observe less negative balance than in the period before, 

however, the similar pattern of surface lowering at lower altitudes continues (Figure 3.5). 

Again we see slight buildup above the Fremri Hagajökull outlet and area decline, especially 

in the east and north part of the ice cap. Calculated geodetic mass balance rate is -0.73 ± 0.19 

m.w.e.y-1. It must be noted that that the 2011 LiDAR DEM is measured in end of July, 

therefore cutting short the ablation season in 2011 and most likely underestimating the 

ablation for the summer 2011.  
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Figure 3-6. The average annual surface elevation change of Tungnafellsjökull ice-cap 2011 

to 2013.Background shaded relief is based on LiDAR and Pleiades DEMs. Unbroken glacier 

margin is the margin in 2011 and the dashed line is the margin in 2013. 

The last period observed for geodetic mass balance was between 2011 and 2013 (Figure 3.6). 

This comparison between two very accurate DEMs furthermore confirms the pattern seen in 

the periods prior to this, a significant negative balance at the lower outlets in the north and 

closer to zero at higher elevations. Due to the short time period, interpretation should be 

done with caution. As mentioned above, the 2011 DEM was acquired in mid-summer. 

Seasonal correction was not applied for the 2011 DEM, hence comparison with traditional 

mass balance records can be skewed. Therefore the period 2011 to 2013 is in fact covering 

almost two and a half summers.  In addition, the 2013 Pleiades DEM is measured on the 9th 

of October when the ice cap had begun accumulating winter snow in small amounts (<50 

cm). Calculated geodetic mass balance rate for this period is -0.68 ± 0.12 m.w.e.y-1. 
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 Radio Echo Sounding and volume estimates 

 

Figure 3-7. Subglacial bedrock map of Tungnafellsjökull ice-cap. Background shaded relief is based 

on LiDAR and Pleiades DEMs. Blue line is the glacier outline in 2013. Elevation scale on the shaded 

relief background is set to 1.5. 

The results of the RES reveal the subglacial bedrock topography underneath 

Tungnafellsjökull ice cap (Figure 3.7). The mean ice thickness (relative to the 2011 LiDAR 

surface) is 66 meters and the greatest ice thickness is 164 meters in the south part of the 

glacier (Figure 3.8). Volume estimates can be seen in table 6.   
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Figure 3-8. Ice thickness for year 2011 presented as contour lines over the bedrock 

topography. Background shaded relief is based on LiDAR and Pleiades DEMs. 
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 Ice cap extent and area volume scaling 

 

Figure 3-9. The extent of Tungnafellsjökull ice-cap at different epochs. 

The extent of Tungnafellsjökull ice cap for different epochs is presented on a map on Figure 

3.9. The 1890 extent was digitized from the outermost moraines visible on the 2011 LiDAR 

DEM.  Notable changes of the glacier margin are on the northern outlet glaciers and the 

smaller outlets on the south part of the ice cap. Greatest retreat was measured to be 2 km on 

the north-east part and 1.5 km on Innri Hagajökull outlet. Throughout the period of study, 

the glacier area has reduced by ~ 16 % between 1960 and 2013 and ~ 32 % from the end of 

the LIA assumed to be ~1890 to 2013.  
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Figure 3-10. Plot of volume as a function of area for Tungnafellsjökull. Black squares are 

the volume and area estimates for the period 1960 to 2013 determined with the DEM 

comparisons. Vertical error bars present the uncertainties in volume in 95% certainty and 

horizontal error bar present the uncertainty in area estimations. Red circles are the 

volume estimates based area volume scaling. Blue circle presents the volume in 1946 

extrapolated using 1960 volume and area values and slope of the linear regression.   

When DEMs from photogrammetric work were finished, ice volume for different years can 

be calculated. Ice volume was calculated by subtracting the bedrock elevations from RES 

measurements from the surface elevations for each year. Area- volume scaling was applied 

to estimate the ice volume for 1946 and 1890 (LIA maximum). The area for these years is 

known from orthorectification of the 1946 AMS images and the extent of glacial moraines 

from the LiDAR DEM. The relationship between area and volume suggested by Bahr (1997), 

V = cAγ, was used for estimating the ice volume for 1946 and 1890. On the other hand, very 

small difference is observed between the use of Bahrs coefficient and linear regression 

through the same dataset, see graph on Figure 3.10. Because of a very short period between 

1946 and 1960 the volume estimate should be taken with a disclaimer that a slight change in 

the values for the 1960 to 2013 data can have significant effect on the regression and 

therefore the estimated volume.  

A separate value for the 1946 volume was also extrapolated using 1960 volume and area 

values and slope of the linear regression shown in Figure 3-10. This was done because the 

area volume ration for 1960 seems to be different than for 1986 and 1995. This gives a 

different and more likely volume number for 1946 because the area volume ratio for 1960 is 

probably more representative for 1946 than the 1986/1995 values. Results from the volume 

estimates for 1890 and 1946 are 3.3 km3 and 2.7 km3 (2.8 km3 with extrapolation from 1960), 

respectively.   
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The geodetic mass balance from 1890 to 1960 is calculated in the same manner as for the 

period 1960 to 2013. The estimated volume changes are used for the calculations and same 

precaution should be kept in interpretation of the results. Error estimations are not conducted 

because these calculations were only done to get a crude estimate of what the mass balance 

rate was for the periods that DEM creation does not cover.    

 

 

 

 

 

  

 

 

 
 

Figure 3-11. Geodetic mass balance of Tungnafellsjökull from end of the LIA to 2013. Red 

dashed lines is deduced with area-volume scaling and the solid red lines are from the 

surface DEMs comparison. Blue dashed lines are based on the 1946 volume extrapolated 

from the 1960 volume and area (Figure 3-10).     

Tungnafellsjökull lost ~ 20 % of its volume during the study period, from 2.66 ± 0.08 km3 

in 1960 to 2.10 ± 0.01 km3 in 2013. Since the end of the LIA the volume loss has been ~38% 

from ~3.36 km3 in the end of the 19th century. 

 

 

Year Volume (km3) Area (km2) 

1960 2.66 ± 0.08 37.56 ± 0.94 

1986 2.67 ± 0.10 38.90 ± 0.97 

1995 2.57 ±  0.14 38.94 ± 0.97 

2004 2.26 ± 0.05 35.13 ± 0.87 

2011 2.14 ± 0.02 32.98 ± 0.82 

2013 2.10 ±  0.01 31.60 ±  0.79 

Table 6. Volume and area for Tungnafellsjökull ice-cap, 1960 to 2013 
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4 Discussion 

The AMS images from 1946 were as stated before, judged not suitable for photogrammetric 

processing. These images were used for the creation of the AMS map published in 1949. 

Even though it is stated in the description published with the map, that the glacier covered 

area was mapped with stereo-photography, it must be discounted for. The contour lines on 

the ice cap in this map are most likely deduced from the map published by the Danish 

Geodetic Institute in 1943 (Army Map Service, 1949) .  

The coverage of the RES survey on Tungnafellsjökull reached about 95% of the total glacier 

area and therefore it can be stated that the results presented here give a conclusive overview 

of the bedrock underneath the ice-cap. The volume of the ice-cap decreased by roughly          

20% between 1995 and 2013, with an average annual volume loss of 0.026 km3. If this retreat 

and downwasting rate of the ice-cap continues the ice cap will disappear before the year 

2100.  

The behavior of the small outlet at Fremri Hagajökull is interesting with advance at the front 

and lowering in the accumulation area between 1986 and 1995. This brings forth 

speculations whether a small surge occurred during the period. Evidence of a surge might be 

visible in the proglacial landscape in form of moraines and would be a topic for a separate 

study of whether this surge has really occurred. 
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Figure 4-1. Comparison of the point mass balance for Tungnafellsjökull, Köldukvíslarjökull 

and Þjórsárjökull in 2013. Winter balance, a, summer balance, b and net balance, c. 

The measured surface mass balance for Tungnafellsjökull ice cap in 2013 is compared to 

measured surface mass balance of Köldukvíslarjökull (Glaciology group, 2015), an outlet 

glacier of western Vatnajökull ice cap, and Þjórsárjökull (Þorsteinsson et al., 2014), an outlet 

glacier of Hofsjökull ice cap (Figure 1.1). The plots on Figure 4.1 present the winter, summer 

and net balance as a function of elevation.  More similarities are observed between 

Tungnafellsjökull and Köldukvíslarjökull than between Tungnafellsjökull and Þjórsárjökull. 

Resemblances in the winter and summer balance are apparent between Tungnafellsjökull 

and Köldukvíslarjökull. The two glaciers have similar net balance (for the glaciological year 

2012-2013) below the equilibrium line and have similar mass balance gradient, although the 

balance on Tungnafellsjökull is slightly more positive at same elevations, resulting in lower 

equilibrium line altitude (ELA) for Tungnafellsjökull.   

a b 

 

c 
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Although comparison for one year is not enough to draw strong conclusions, it indicates that 

Tungnafellsjökull and Köldukvíslarjökull are closer regarding net balance rather than with 

Þjórsárjökull.  

 

 

 

 

 

 

 

 

 

The comparison on Figure 4.2 is based on elevation changes from geodetic measurements 

on Tungnafellsjökull scaled to water equivalent and point mass balance measurements on 

Köldukvíslarjökull and Þjórsárjökull. It should be noted that the dynamics and glacier flow 

of the ice cap is included in the geodetic measurement. The irregularities of the lines 

presenting Tungnafellsjökull can be explained by the variance of values at similar elevations 

(Figure 20 for example). The negative balance for Tungnafellsjökull for the whole elevation 

range for the period 1995 to 2004 is probably overstated because of problems with the 1995 

DEM mentioned above. No concurrent results can be depicted for the period between 2004 

Figure 4-2. A comparison between elevation change on Tungnafellsjökull scaled to water 

equivalent and mass balance measurements of Köldukvíslarjökull and Þjórsárjökull. Data 

from Köldukvíslarjökull and Þjórsárjökull are from direct surface mass balance 

measurements and the Tungnafellsjökull data is based on geodetic balance. 

a b 

c 
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and 2011 except that the balance is less negative at same elevation on Tungnafellsjökull than 

on Köldukvíslarjökull. The period 2011 to 2013 shows stronger coherence between 

Tungnafellsjökull and Köldukvíslarjökull than during earlier periods.  

 

Figure 4-3. A comparison between the geodetic mass balance rate from Tungnafellsjökull 

and the measured mass balance of Köldukvíslarjökull and Þjórsárjökull for the period 1995 

to 2013. Note that the mass balance of Köldukvíslarjökull and Þjórsárjökull are almost 

identical for the period 2011 to 2013. 

To further investigate the relationship between Tungnafellsjökull and its neighbouring 

glaciers, the difference between the net mass balance values from Þjórsárjökull and 

Köldukvíslarjökull and the values from geodetic measurements between 1995 and 2013 were 

evaluated (Figure 4.3). The coherence between Tungnafellsjökull and Köldukvíslarjökull is 

not as apparent on that graph as is it is when the data from 2013 is inspected. Note that 

Köldukvíslarjökull and Þjórsárjökull have almost the same net balance between 2011 and 

2013. As mentioned above, seasonal correction was not applied to the DEMs of 

Tungnafellsjökull from 2011 and 2013. Therefore the net mass balance rate would probably 

not be as negative for that period. 

Widening the comparison to other glaciers in Iceland, reveals some similarities in mass 

change between Tungnafellsjökull and Tindfjallajökull ice cap, in South Iceland. 

Tindfjallajökull had an average net balance base of 0.00 ± 0.10 m.w.eq.y-1 between 1980 

and 1998, compared to -0.11 ± 0.37 m.w.eq y-1 between 1986 and 1995 on Tungnafellsjökull. 

A net balance of -1.60 ± 0.30 m.w.eq. y-1 between 1998 and 2004 for Tindfjallajökull is 

significantly lower than for Tungnafellsjökull at a similar period,  -0.80 ± 0.39  m.w.eq. y-1 

between 1995 and 2004. In addition, similar response was observed on Eyjafjallajökull for 

the same time periods, or from +0.20 ± 0.15 m.w.eq y-1 between 1984 and 1998 to -1.55 ± 

0.15 m m.w.eq y-1 between 1998 and 2004 (Gudmundsson et al., 2011). This difference can 

most likely be explained by Tindfjallajökull and Eyjafjallajökull proximity with the south 

coast and the glaciers being more prone to prevailing southerly winds blowing from the sea. 

This trend in glacier change around the year 1995 is also reflected in the glacier variation 
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measurements conducted by the Icelandic Glaciological Society (Sigurðsson & Einarsson, 

2014) 

The geodetic mass balance of Langjökull ice cap in West Iceland has been determined and 

comparing those results with the results from Tungnafellsjökull reveals similar trends in the 

development of the mass balance (Pálsson et al., 2012). A significantly increase in negative 

geodetic mass balance between the periods 1986 to 1997 and 1997 to 2004, from -0.21± 0.20 

m.w.eq.y-1 to -1.36 ± 0.20 m.w.eq.y-1, respectively, is reflected in the data from 

Tungnafellsjökull. A change from -0.11± 37 m.w.eq.y-1 to -0.80 ± 39 m.w.eq.y-1 on 

Tungnafellsjökull between the periods 1986 to 1995 and 1995 to 2004 indicates a similar 

trend observed on Langjökull. Similar development in the geodetic balance can be observed 

in the data from Drangajökull in North West Iceland (Figure 1.1). A step from a positive 

balance of 0.26 ± 0.11 m.w.eq.y-1 during the period 1985 to 1994 to -0.63 ± 0.10 m.w.eq.y-

1 between 1994 and 2005 (Magnússon et al., 2015).  

 

Figure 4-4. Mean annual temperature in Stykkishólmur (1830-2014) and Hveravellir (1966-

2014). Blue shade indicates the LIA until 1890 and the red line marks the year 1995. 

The longest climatic records in Iceland extend back to the year 1823 at the meteorological 

station in Stykkishólmur, West Iceland. Regular meteorological observations began at 

Hveravellir in the center of the Icelandic Highlands between Hofsjökull and Langjökull in 

1965 (Sigurðsson et al., 2003). The locations of these meteorological stations are presented 

on Figure 1.1. The graph on Figure 4.4 presents the changes in atmospheric temperature at 

these two meteorological stations. Significant change in the development in the geodetic 

mass balance rate of Tungnafellsjökull is noted around the mid-1990s and the changes reflect 

the changes in air temperature at Hveravellir and Stykkishólmur after 1995. Mean 

temperature for the periods 1966 to 1995 and 1996 to 2014 at Hveravellir are presented on 

the graph on Figure 4.4 and indicate the atmospheric temperature change in the mid-1990s. 

Likewise, the mean temperature at Stykkishólmur for different periods (1830 to 1890, 1891 

to 1946, 1947 to 1960, 1961 to 1995 and after 1995) is presented on the graph.  

To put the development on Tungnafellsjökull into a broader perspective, data from 

Storglaciären glacier in northern Sweden is used for comparison.  A continuous mass balance 
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record for Storglaciären is available from 1946 (Tarfala Research Station, 2015). 

Storglaciären and Tungnafellsjökull have a few similarities, being relatively small, ~ 32 km2, 

Tungnafellsjökull, and ~ 3 km2, Storglaciären. They are both situated ~ 100 km from the 

ocean and are located high in the mountains or with and elevation range of 910 to 1520 

m.a.sl. for Tungnafellsjökull and 1130 to 1700 m.a.sl for Storglaciären (Linderholm et al., 

2007).  

 1960-1986 1986-1995 1995-2004 2004-2011 

Tungnafellsjökull 0.01 ± 0.07 -0.11 ± 0.37 -0.80 ± 0.39 -0.73 ± 0.19 

Storglaciären -0.17 

 

0.42 

 

-0.47 

 

-0.43 

 
Table 7. Comparison of mass balance record from Storglaciaren in Sweden and geodetic 

mass balance of Tungnafellsjökull, Iceland. Values are m.w.eq. y-1.  

 

The previously described increase in negative mass balance around the year 1995 on 

Icelandic glaciers, is not as apparent in the data from Storglaciären. The glacier is   located 

further north, at 67°55’ north, compared to 64°22’ for Tungnafellsjökull and sits higher in 

the mountains.  

Comparing the geodetic balance of Tungnafellsjökull with mass balance numbers from other 

regions of the world shows that the ice cap follows other glaciers in the northern hemisphere 

in negative mass balance at the end of the 20th century. These values are presented by 

Intergovernmental Panel on Climate Change (IPCC) for the period 2003 to 2009. The 

average mass balance for Icelandic glaciers during that period is -0.81 ± 0.13 m.w.eq.y-1 

(Björnsson et al., 2013), for Scandinavia the number is -0.60 ± 0.06 m.w.eq.y-1 and in the 

Alps and central Europe it is -1.06 ± 0.17 m.w.eq.y-1. For the glacier in the periphery of 

Greenland ice cap the number is -0.42 ± 0.07 m.w.eq.y-1 and in western Canada and United 

States the number is -0.93 ± 0.23 m.w.eq.y-1  (Vaughan et al., 2013). For a similar period, or 

2004 to 2011, Tungnafellsjökull had the geodetic mass balance of -0.73 ± 0.15 m.w.eq.y-1. 
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5 Conclusions 

Application of photogrammetry on historical aerial images can reveal glacier changes that 

occur over long periods. DEM creation of glacier covered areas include challenges due to 

low contrast on snow covered areas. The existence of highly accurate LiDAR DEM from 

2011 greatly facilitates the photogrammetric work.  

The geodetic mass balance for the period 1960 to 2013 was deduced from comparison of 

sequential DEMs. For the whole period between 1960 and 2013 the geodetic mass balance 

rate was -0.28 ± 0.03 m.w.e.y-1. Between 1960 and 1986 the ice-cap was at a state of 

equilibrium with net balance of 0.01 ± 0.07 m.w.e.y-1. During the following period of 1986 

to 1995 a slightly negative balance is observed, or -0.11 ± 0.37 m.w.e.y-1. In 1995 to 2004 a 

shift in the balance is apparent when it goes down to -0.80 ± 0.39 m.w.e.y-1. Large scale 

surface lowering and retreat on the glacier fronts characterizes this period. The periods that 

follow show continued negative geodetic balance, -0.73 ± 0.19 m.w.e.y-1 between 2004 and 

2011 and -0.68 ± 0.12 m.w.e.y-1 between 2011 and 2013. Seasonal corrections were not 

applied to the 2011 and 2013 DEM but they would have had significant impact on the results 

for such a short period.  

RES survey of the ice cap makes it possible to determine the subglacial bedrock topography 

and absolute ice volumes with relation to DEM at different times. A dense net of RES lines 

was measured on Tungnafellsjökull in May 2013. A subglacial bedrock map was prepared 

from the RES data that discloses mean ice thickness of 66 m and greatest ice thickness was 

164 m in the southern part of the ice cap, relative to the 2011 surface DEM. The volume of 

the glacier was reduced from 2.66 ±0.08 km3 in 1960 to 2.10 ± 0.01 km3 in 2013 or by ~20%. 

The glacier area has reduced by ~16% between 1960 and 2013 and by ~30% since the end 

of the LIA. 

Comparison of the geodetic balance with direct surface mass balance measurements between 

1995 and 2013 and direct mass balance measurements in 2012-2013 indicate a more 

similarities between Tungnafellsjökull and Köldukvíslarjökull in NW-Vatnajökull rather 

than between Tungnafellsjökull and Þjórsárjökull in Hofsjökull ice cap.  

Relative to other glaciers in Iceland and in the northern hemisphere, Tungnafellsjökull has 

reacted similarly to recent atmospheric warming. Between 1960 and 1995, Tungnafellsjökull 

and other ice-caps in Iceland were close to a state of balance, but since then the mass balance 

for most of Icelandic glaciers and ice-caps have been negative.    

Area-volume scaling utilizing the absolute ice-volumes and glacier area gave estimates of 

the volumes of the glacier back to LIA maximum. Roughly estimated volume for ~1890 is 

~3.3 km3 and ~2.7 km3 for 1946.
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Appendix A 

Mass balance measurements on Tungnafellsjökull, 2d May 2013. 

ΔL L θ M ρ snow w.eq 

 153 7,6 785,1 0,39 59,69 

   2708   

Table 8. Details on winter accumulation at TU01, at 1135 m.a.s.l 

ΔL L θ M ρ snow w.eq 

 40 7,5 582,70 0,33 13,19 

80 40 7,4 647,10 0,38 15,05 

110 30 7,4 555,10 0,43 12,91 

130 20 7,5 453,90 0,51 10,27 

173 43 7,5 886,30 0,47 20,06 

263 60 7,6 1088,70 0,40 24,00 

299 36 7,5 785,10 0,49 17,77 

321 22 7,5 435,50 0,45 9,86 

   5434,40  123,11 

Table 9. Details on winter accumulation at TU02, at 1401 m.a.s.l. 

L T C° 

0 -7,7 

20 -7,7 

40 -6 

60 -4,5 

80 -4 

100 -3,7 

120 -3,5 

140 -4,1 

150 -3,9 

160  

180 -2,2 

200 -2,3 

220 -2 

240 -2 

260 -1,8 

280 -2,3 

Table 10. Snow temperature at TU02. 
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ΔL L θ M ρ snow w.eq 

 175 7,5 3230,9 0,42 73,13 

267 92 7,5 1922,9 0,47 43,53 

324 57 7,5 1119,4 0,44 25,34 

     142,00 

Table 11. Details on winter accumulation at TU03, at 1450 m.a.s.l. 

 

L T C° 

0 -7,5 

20 -8 

40 -6 

60 -5,3 

80 -4,5 

100 -4,2 

120 -3,7 

140 -3,9 

160 -4,3 

180 -3,2 

200 -3,2 

220 -2,7 

240 -2,6 

260 -3,2 

280 -1,6 

300 -1,4 

Table 12. Snow temperature at TU03. 

Summer ablation on Tungnafellsjökull. 

 

Location Ls (cm) La (cm) 

TU01 72 505 

TU02 44 330 

TU03 91 320 

Table 13. Length of ablation wires above snow at mass balance measurement locations. 
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Appendix B 

2d radargrams from RES survey on Tungnafellsjökull on the 2d of May, 2013. See figure 

2.27 for alignment and location of RES survey lines. X and Y scale are in meters. 

Line 0. 

 

 

 

Line 1. 

 

 

 

Line 2. 

 Line 3 

Lines 4 and 5.  

 

 

 

 



62 

Line 6. 

 

 

 

Line 7. 

 

 

 

 Line 8. 

Lines 9 and 9-addition 
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Appendix C 

Semivariograms for elevation difference on ice-free areas between point clouds and DEMs 

and the 2011 LiDAR DEM and deduced spherical variogram models (red lines). 

 Figure C-1. Semivariograms (black dots) and spherical semivariogram model (red 

line) for 1960 (July and August),  1986 and 1987. 
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Figure C-2. Semivariograms (black dots) and spherical semivariogram model (red 

line) for 1995, 2004 and 2013. 
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Appendix D 

 

 

 

 

 

 

 

 

 

 

 

Figure D-1. Point clouds from DEM - extractions for 1960, 1986-87 and 1995. 


