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Preface 
This report documents the results from Nigardsbreen and is part of a major reanalysis of 
mass balance measurements from ten glaciers in Norway with long time series. The time 
series are based on traditional glaciological observations using stakes and probings, as 
well as geodetic observations using aerial photogrammetry, laser scanning and maps. 
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provided by Rune Engeset, Liss M. Andreassen and Hallgeir Elvehøy. The entire 
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Summary 
The glaciological and geodetic methods provide independent observations of glacier 
balance. The glaciological method is based on annual surface mass balance 
measurements, whereas the geodetic method includes surface measurements, and internal 
and basal mass balance over a period of years. In this report, a re-analysing of 
Nigardsbreen is performed. The analysed glaciological mass balance series cover the 
period from 1962 to 2013. Within this period, usable Digital Terrain Models (DTMs) 
from 1964, 1984, 2009 and 2013 were available. Glaciological and geodetic mass balance 
were compared for the periods 1965-1984 and 1985-2013. The re-analysis includes 
homogenization of both glaciological and geodetic observation series, uncertainty 
assessment, comparison of the glaciological and geodetic mass balance, and partly 
calibration of the mass balance series. 

Two periods of data sets were compared and the results show significant discrepancies 
between the glaciological and geodetic methods for the period 1985-2013. Thus 
calibration was applied over the years 1985-2013, as the deviation was larger than the 
uncertainty. 

The homogenized (1962-2013) and calibrated (1985-2013) glaciological cumulative mass 
balance over 1962-2013 was +3.8 m w.e., while the original mass balance over the same 
period was +18.7 m w.e.



 

 6 

1 Introduction 
1.1 Background 
The Norwegian Water Resources and Energy Directorate (NVE) operate the Norwegian 
mass balance observation programme. The observations are both traditional field 
measurements, referred to as the “glaciological method” (also called direct, conventional 
or traditional method) and geodetic surveys, referred to as the “geodetic method” (Cogley 
et al., 2011). The programme includes 10 long time series: 6 glaciers with time series 
longer than 50 years and another 4 glaciers with time series with more than 23 years of 
data (Fleig et al., 2013) as per end of 2013. 

In the joint paper from the workshop on “Measurement and Uncertainty Assessment of 
Glacier Mass Balance” at the Tarfala Research Station in northern Sweden (Nussbaumer 
et al., 2012) it is recommended that mass balance series longer than 20 year should be 
reanalysed (Zemp et al., 2013). This report describes the reanalysis of the Nigardsbreen 
time series. 

The glaciological mass balance method measures surface mass balance at point locations, 
and data are extrapolated over the entire glacier surface to obtain glacier-wide averages. 
The cumulative mass balance is the sum of the annual balances. In the geodetic method, 
cumulative balance is calculated from glacier surface elevations measured in different 
years by differencing digital elevation models (DEMs) and by converting the volume 
change to mass using a density conversion. The geodetic method is often used as check 
on the accuracy of annual measurements by the glaciological method (e.g. Andreassen, 
1999 and Zemp, 2010). If a comparison between the direct and the geodetic method of a 
long-time series show great discrepancies, a calibration of the direct mass balance series 
is required. 

1.2 Nigardsbreen 
Nigardsbreen (61°42'N, 7°˚08'E) is one of the largest and best known outlet glaciers from 
the Jostedalsbreen (474 km2 in 2006; Andreassen and Winsvold, 2012), which is the 
largest ice cap in Scandinavia (Fig. 1). It is located in a mountainous area about 100 km 
from the west coast of Norway with peaks up to 2000 m a.s.l. 

Nigardsbreen has an area of 46 km2 (2013) and flows southeast from the centre of the ice 
cap. It accounts for about 10 % of the total area of Jostedalsbreen. Nigardsbreen range 
from 1952 to 330 m a.s.l., with 88 % of its area located above 1400 m a.s.l. The large 
upper part of the glacier is a plateau, with an even gently sloping surface down to about 
1400 m a.s.l. Between 1300 and 800 m a.s.l. the glacier flows through a heavily crevassed 
icefall. The distance along a central flow line is about 9 km, from the upper ice divide 
north-west of Kjenndalskruna, to the glacier terminus. The terminus has been land-based 
since 1973, but calved previously into the lake Nigardsbrevatnet. 
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Figure 1 
Nigardsbreen, a southeastern outlet from Jostedalsbreen in western Norway photographed in 1982. 
Photographer is unknown. 

1.3 Previous results 
Nigardsbreen has been subject for annual glaciological mass balance measurements since 
1962 (Østrem and Karlén, 1962). The measurements at Nigardsbreen are funded by 
Statkraft Energi AS. The results show a small surplus from 1962 to 1988, a large surplus 
from 1988 to 2000 and near balance (a small deficit) from 2001 to 2013. 

Nigardsbreen has been surveyed by aerial photography about every decade since the 
1930s. Detailed glacier maps have been constructed from the photographs taken in 1964, 
1966/1974 (combined) and 1984. Over the last 10-15 years, the surveying by aerial 
photography is usually replaced by or combined with laser scanning. 

In this study the geodetic mass balance at Nigardsbreen was determined from 1964 
(photogrammetric), 1984 (photogrammetric), 2009 (laser scanning) and 2013 (laser 
scanning) digital elevation models (DEMs). The glaciological and geodetic mass balances 
were compared for the periods 1964-1984, 1964-2013, 1984-2009, 1984-2013 and 2009-
2013. 

The glaciological mass balance showed a surplus of +3.4 m w.e. for the 20-year period 
1964-1984 and +12.4 m w.e. for the 29-year period 1984-2013, as compared to a geodetic 
mass balance of +2.8 m w.e. and −4.7 m w.e., respectively. This gave an annual 
discrepancy of 0.08 m w.e on average for the first period and 0.59 m w.e. for the second 
period. 

Annual glacier front changes showed that the glacier retreated 2.5 km since 
measurements started in 1900. The recent measurements showed a 710 m rapid retreat 
1962-1974, stable position 1974-1991, a 243 m rapid advance 1991-2000, stable 2000-
2005 and 196 m rapid retreat 2003-2013. The front advanced 262 m from 1984-2003 and 
retreated almost the same distance from 2003 to 2013. Comparing the measurements of 
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glaciological mass balance and front change revealed that during the period 1960-2000 
the front retreated, while the glaciological mass balance was generally positive. Over the 
years 2003-2013 the front retreated, while the glaciological mass balance was generally 
positive or in balance. The front advance during the period 1991-2003 was corroborated 
by a positive glaciological mass balance since 1989. The length change record of 
Nigardsbreen has been used to estimate the glacier response time and suggests a response 
time at 35 years for this gentle sloping glacier (Oerlemans, 2007). 

1.4 Outlook 
In this report the mass balance measurements at Nigardsbreen is reanalysed following the 
reanalyses scheme proposed by Zemp et al. (2013). The major steps are: 

1. Analysis and scrutiny of glaciological and geodetic measurements (ch. 2) 

2. Homogenization of glaciological and geodetic measurements (ch. 3) 

3. Uncertainty assessment (ch. 4) 

4. Validation of glaciological measurements against geodetic measurements (ch. 5) 

5. Calibration of glaciological measurements (ch. 6) 

The output of the reanalysis is a homogenized glaciological mass balance time series with 
an uncertainty assessment, and if calibration is required, a calibrated glaciological mass 
balance time series. 

This report is part of an extensive work described in Andreassen et al. (2016). 
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2 Observations 
2.1 Geodetic mass balance 
Aerial photogrammetric surveys were carried out over Nigardsbreen every decade since 
the 1930s. The quality varies and several of the surveys are of limited value due to poor 
contrast (fresh snow on the glacier surface) and lack of coverage. Photographs taken in 
September 1964, August 1974 and August 1984 were used to produce detailed topo-
graphic maps of the glacier surface of Nigardsbreen. Concurrent records from laser 
scanning and aerial photography in September and October 2009 and September 2013 
were used for the same purpose. 

The usability of the maps derived from the photographs from 1964 and 1974, however, 
are encumbered with some considerable limitations. The photos from 1964 cover the 
entire glacier basin, but fresh snow in the highest areas made stereo compilation difficult 
due to lack of contrast. The original map construction from the 1964 photos was made in 
1965 and reconstructed in 2014. The 1974 photography does not cover the northernmost 
glacier parts and the contrast in the highest snow-covered parts is poor. Consequently, in 
order to complete the 1974 maps, utilization of older photography from 1955 and 1966, 
respectively, were used. This procedure resulted in inconsistency and uncertainties of the 
contour lines and, hence, the 1974 map was not included in this study. Only the 1964 and 
1984 surveys were chosen and used together with the laser scannings from 2009 and 
2013. 

The GIS-data processing of maps and DEMs by NVE was done using ArcGIS 9.3/10.2 
software (©ESRI) and Surfer software version 12 (Golden Software, Inc. 2014). 

2.1.1 Mapping 1964 

Vertical aerial photographs were taken with a mean scale of 1:38 000 on 2nd September 
1964 by Widerøe’s Flyveselskap A/S (contract No. 1571). The quality of the air photo-
graphs is good in the lower parts, but rather poor in the upper parts. Fresh snow in the 
highest areas made the construction difficult due to lack of contrast. The original 
construction, made in 1965, was completed with photos from 1955 and was, hence, not 
sufficient for this purpose. A re-construction made in 2014 was successful and 
implemented. A great number of triangulation points was used in the plotting procedure. 
The photogrammetric map data processing was applied by the technique “photo-
matching”, resulting in a point cloud with a mean point density of 0.2 points per m2. The 
processed map data in non-glacierized areas was verified by comparison with Light 
Detection And Ranging (LIDAR) data from September 2013 and by visual inspection 
using a shaded relief model and derived contour lines. The data accuracy was assumed to 
be better than 0.5 m both in horizontal and vertical direction. The re-construction was 
made by Terratec AS (Terratec, 2014). 

The data delivery from Terratec was regular grid data based on the gridding method 
“Triangulated model Z” (TIN-model). The interpolation method was based on a Delaunay 
triangulation of all ground points and an elevation value in each grid centre was 
calculated. The regular grid data set was used in the following calculations. 
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The glacier border outlines were manually digitized by NVE based on the orthophotos 
from Terratec. 

All data was referred to the UTM co-ordinate system zone 32, Euref 89 datum and the 
Norwegian height system NN1954. 

2.1.2 Mapping 1984 

Vertical aerial photographs were taken from 6300 m flying height on 10th August 1984 by 
Fjellanger Widerøe A/S (contract No. 8310). The photogrammetric plotting was made 
solely for the purpose of producing a glacier surface map. The quality of the air 
photographs, taken with a mean scale of 1:30 000, is good. Even in the highest areas, 
details in the snow surface made the construction of contour lines relatively easy. A great 
number of triangulation points were used in the plotting procedure. The photogrammetric 
contour line construction was applied by analytical photogrammetry. The plotting 
accuracy was assumed better than 5 m both in horizontal and vertical direction. The map 
is constructed in a scale of 1:20 000 with contour interval 10 metres. 

Contour lines with 10 m contour intervals, border outlines and the ice divide were 
manually digitized by NVE and transformed to the UTM co-ordinate system zone 32, 
Euref 89 datum and the Norwegian height system NN1954. The digitized x, y and z data 
from the contour lines is uneven distributed. The data set has dense data along the contour 
lines but nothing between the contour lines. This skewed distribution particularly appears 
in flat areas where the contour line spacing is greatest. In order to achieve the most 
appropriate DEM several gridding methods are tested and compared. The different 
methods showed only slight variations. This was also found in similar studies, e.g. in 
Andreassen (1999). The gridding method “Kriging” was considered as providing the most 
appropriate DEM for the 1984 data set and was used in the following calculations. 

2.1.3 Mapping 2009 

Vertical aerial photographs were taken on 14th September and LIDAR data recorded on 
17th October 2009 by Blom Geomatics AS (Blom Geomatics AS, 2009). The time lag for 
the photography and the laser scanning is due to technical problems with the laser scanner 
on the 14th September. 

The photographs, from 14th September, were recorded by an Applanix DSS322 camera 
with a resolution of 22 megapixels. The mean flying height was 2000 m above ground 
level and the picture resolution is 40 cm GSD (Ground Sampling Distance). The resulting 
resolution of the orthophoto is also 40 cm. In order to verify the calibration, aero-
triangulation of two longitudinal profiles and one cross profile (52 images) was 
computed. The resulting mean error was 32 cm, which was assumed to be approved. The 
flight positioning was post-processed based on GNSS data from four reference stations 
and horizontal and vertical flight accuracy was estimated as approximately 2 cm. Due to 
some technical problems the glacier tongue was not covered by images on the 
14th September flight, but the gap was covered on the 17th October flight. 

The LIDAR data, from 17th October, was acquired using an Optech ALTM-Gemini lidar 
instrument. The mean flying height was 2000 m above ground level. The scan rate was 22 
Hz, the laser pulse rate 33 kHz and the scan angle 17 degrees, resulting in a mean point 
density of 0.32 points per m2. The flight positioning was post-processed based on GNSS 
data from one reference station and horizontal and vertical flight accuracy was estimated 
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as 3-4 cm. A quality control described in Blom Geomatics AS (2009) showed good 
consistency between the flying fields. The RMS values in flat or slight sloping areas were 
between 0 and 0.2 m, and some higher (up to 2.0 m) in steep or/and crevassed areas. 

The data delivery from Blom Geomatics AS was point clouds (las) and regular grid data. 
The gridding method used for the regular grid data set was “Triangulated model Z”. The 
regular grid data set was used in the following calculations. 

The glacier border outlines were mainly digitized from the orthophotos constructed from 
the aerial photographs by Blom Geomatics AS. The outlines were slightly revised and 
completed by NVE. In areas with lack of images, the outlines were determined using the 
DEM, the intensity values from the LIDAR data, or from an orthophoto produced in 2004 
(www.norgeibilder.no). The ice divide was determined from the laser DEM using ArcGIS 
flow direction and flow accumulation tools. 

All data was referred to the UTM co-ordinate system zone 32, Euref 89 datum and the 
Norwegian height system NN1954. 

2.1.4 Mapping 2013 

Vertical aerial photographs were taken and LIDAR data was recorded on 10th September 
2013 by Terratec AS (Terratec AS, 2014). 

The photographs were recorded by a Rollei metric AIC Pro P65 camera. The mean flying 
height was 1400 m above ground level and the picture resolution was 20 cm GSD 
(Ground Sampling Distance). The resulting resolution of the orthophoto is also 20 cm. 

The LIDAR data was acquired using a Leica ALS70 lidar instrument. The mean flying 
height was 1400 m above ground level. The laser pulse rate was 115400 Hz and the scan 
angle ±17.5 degrees, resulting in a mean point density of 1.0 points per m2. The 
theoretical absolute accuracy was assumed to be ±10 cm (height) and ±20-30 cm 
(horizontal), respectively. 

The data delivery from Terratec was point clouds (las) and regular grid data. The gridding 
method used for the regular grid data set is “Triangulated model Z”. The regular grid data 
set was used in the following calculations. 

The glacier border outlines were digitized by NVE from the orthophoto constructed from 
the aerial photographs. The ice divide was determined from the laser DEM using ArcGIS 
flow direction and flow accumulation tools. 

All data was referred to the UTM co-ordinate system zone 32, Euref 89 datum and the 
Norwegian height system NN1954. 

2.1.5 Density 

Determination of a density conversion factor was required in order to convert the volume 
change of snow, firn and ice to mass change. It is common to assume a constant density 
profile in the accumulation area, following Sorge’s law (Bader, 1954). Hence, density of 
glacier ice, 900-917 kg m-3 (Cuffey and Paterson, 2010), is often used for the conversion 
(e.g. Haug et al., 2009 and Andreassen, 1999). This assumption however, is valid only 
under steady-state conditions and was considered to be a maximum estimate in this study. 
Assuming a value of 850 ±60 kg m-3 to convert volume change to mass change was found 
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to be appropriate for a wide range of conditions (Huss, 2013). Hence, this value was used 
for the conversion of the volumetric changes into water equivalent. 

2.1.6 Adjustment for different dates 

Comparison of glaciological with geodetic mass balance required an adjustment because 
the field measurements and aerial surveys were acquired at different dates. The related 
error depends on the changes in surface elevation between the field and aerial surveys. 
Accordingly, increasing time span will result in increasing error. The season 
(summer/autumn) and the general mass turn over will also influence the error. Dates for 
field measurements and aerial surveys and corresponding adjustments are shown in table 
1. 

Table 1 
Survey dates and adjustments for 1964, 1984, 2009 and 2013. 

In 1964, the aerial survey date was 2nd September, while the summer ablation was 
measured 11th September on the plateau and 27th October on the glacier tongue. The 
melting for the intermediate period was estimated using a simple degree-day model. Fresh 
snow at the time of measurement in October was included in the winter balance for 1965 
and was, hence not taken into account in this adjustment. 

In 1984, the aerial survey date was 10th August, while the summer ablation was measured 
17th September. The melting for the intermediate period was estimated using a simple 
degree-day model. Fresh snow at the time of measurement in September was included in 
the winter balance for 1985 and was, hence not taken into account in this adjustment. 

In 2009 the lidar data was acquired 17th October, and the ablation was measured four days 
earlier, on 13th October. No significant changes (melting or snowfall) were observed from 
13th to 17th October. It was however, measured between 0.2 and 1.3 m of fresh snow at 
nine different stakes on 13th October. 

In 2013, the aerial survey date was 10th September, and the ablation was measured on 
25th September. The melting for the intermediate period could not be measured and was, 
hence estimated using a simple degree-day-model. Fresh snow at the time of ablation 
measurement in September was not included in the 2013 annual mass balance and was, 
hence not taken into account in this adjustment. 

According to the estimated melting (snowfall in 2009) from the aerial survey dates to the 
field survey dates, the geodetic mass balances were adjusted as: 

– date adj.yearI + date adj.yearII 

year

aerial survey field survey category (m w.e.)

1964 2
nd
 Sep 11

th
 Sep melting −0.05

1984 10
th
 Aug 17

th
 Sep melting −0.44

2009 17
th
 Oct 13

th
 Oct fresh snow −0.32

2013 10th Sep 25th Sep melting −0.08

date adjustment
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2.1.7 Glacier boundaries 

The hydrological basin was used for the glaciological mass balance calculations since 
1968. This means that the entire glacier area within the hydrological catchment of the 
lake Nigardsbrevatnet was included. Whether the result of the volume change calculation 
was influenced of the drainage basin was checked by testing with both the hydrological 
basin and the glaciological basin (Fig. 5). The test showed about identical results. Hence, 
the hydrological basin was used. The hydrological drainage basins for the four years 
1964, 1984, 2009 and 2013 are quite similar in both area extent and pattern, but of course 
not exact congruent. The ice divide from 2009/2013 was used for all four DEMs. 
However, different interpretations and veritable changes of the ice margin reveal four 
drainage basins with some minor differences. The hydrological basin area is 48.3 km2 
(1964), 48.1 km2 (1984), 47.2 km2 (2009) and 46.6 km2 (2013), respectively. The 1964 
basin has the greatest area and the most extended frontal ice margin. For the geodetic 
volume change calculations a combination of the glacier boundaries was used so that the 
analyses mask will surround both glacier areas. Areas within the glacier basin defined as 
rock in both years were not included. 

2.2 Glaciological mass balance 
Glacier surface mass balance at Nigardsbreen has been monitored annually since 1962 by 
the NVE. The extent of measurements has varied considerably over time, and different 
methods of calculation have been used. The measurements and calculations are in 
principle based on methods from Østrem and Brugman (1991) and as described in 
Andreassen et al. (2005) and Kjøllmoen et al. (2011). 

The measurements are reported in “Glaciological investigations in Norway”, which are 
annual reports published by NVE. The 2010 measurements were reported in Kjøllmoen et 
al. (2011). Measurements from 2011 and later are due for publication in a multi-year 
report when the reanalysis is finished. 

2.2.1 Monitoring program and field measurements 

The annual mass balance measurements started in May 1962 (Østrem and Karlén, 1962). 

Normally, winter balance measurements were carried out from late April to late May, 
while the annual balance measurements were carried out from late September to early 
October. Winter balance was measured using a number of stakes, as well as doing a 
number of snow depth soundings to the late-summer surface from previous year. In 
addition to snow depth, snow density was measured in one or more vertical profiles. 
Usually the snow density measurements were done at the same time as the snow depth 
measurements. In some years between 1962 and 1980 however, the snow density was 
measured two or three times during the winter season. As an example, for the winter 
season 1977-78, snow density was measured in November 1977 and February and April 
1978. The density measurements in February 1978 included the snow accumulation from 
November 1977 and the density measurements in April 1978 included the accumulation 
from February. Annual balance was measured by stake readings. 

The number of stakes and snow depth measurements has varied a considerably over the 
years from the beginning in 1962 to present. 
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In the 1960s and 1970s, a network of 20-30 stakes was maintained. The snow depth was 
also measured in 150-400 points along more or less fixed profiles across the glacier 
plateau. On the glacier tongue, the snow depth was sounded in 20-120 points in a few 
years in the 1960s, but greatly reduced later on. The snow density was measured at 5-10 
locations on the glacier in some years, but most years only in two or three locations. On 
the glacier tongue the number of ablation stakes was between 8 and 18 in the 1960s and 
4-16 in the 1970s. 

From the early 1980s, the number of stakes was considerably reduced, typically 4-8 on 
the plateau and 0-2 on the glacier tongue. The number of snow depth measurements was 
generally between 50 and 200 points and the snow density was determined in one or two 
locations. 

Between 1989 and 1995, several winters were extremely snow-rich. During these years 
maintaining the stake network was demanding and snow depth measurements were 
difficult and time-consuming. Many of the stakes were covered by snow during the 
winter and lost. Thus, the number of stakes and snow depth measurements on the plateau 
was reduced over this period. In the years 1989-1992 and 1995, the number of stakes was 
4-6 and snow depth was measured at 15-65 locations (Fig. 2). 

From 1996 to 2008, the extent of measurements was quite uniform with a network of 7-8 
stakes on the plateau and 2 stakes on the tongue. The snow depth was measured at 100-
200 points in nearly fixed profiles and snow density was estimated at one or two 
locations. 

Up to 2008, the snow depths were measured in points along straight line profiles on the 
plateau. From 2009, the profile system was replaced by a grid system of 500 m x 750 m 
(2009) and 500 m x 500 m (2010-13) giving about 80 and 130 points respectively. The 
snow density was measured at one location since 2005. 

Independent of the measurement design system, a relatively dense network of snow depth 
measurements has always been performed from the glacier summit (1952 m a.s.l.) down 
to about 1300 m a.s.l. Below 1300 m a.s.l. the glacier is more or less inaccessible and 
measurements have usually been limited to the stake positions using helicopter. 
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Figure 2 
Typical stake network and snow depth soundings 
representing five different periods. Non-glaciated 
areas within the basin are shaded in grey. 
Upper left: 1979 (1962-81). 
Upper right: 1986 (1982-88). 
Middle left: 1991 (1989-95). 
Middle right: 2003 (1996-2008). 
Lower left: 2011 (2009-present). 
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2.2.2 Mass balance calculation 

The mass balance was calculated using a stratigraphic method, i.e. between two 
successive summer surfaces, as described in Østrem and Brugman (1991). The spatial 
interpolation of point measurements was done by making an accumulation distribution 
map or estimating accumulation/ablation in elevation intervals of 100 m vertical 
resolution. From 1962 to the end of the 1980s, the spatial distribution of the mass balance 
was inter-/extrapolated manually from the point measurements. Isolines with a distance of 
1.0 m w.e. were drawn for both winter and summer balances (Fig. 3). The calculation of 
the total mass balance was based on the area between these lines. The areas between 
adjacent isolines within each height interval (100 m) were integrated using a planimeter 
and the total amount of accumulation and ablation was calculated for each height interval. 
Then altitudinal balance values Bw(z), Bs(z) and Ba(z) were calculated. The method is 
called the contour line method. 

Figure 3 
From 1962 to the end of the 1980s the spatial distribution of the mass balance was manually drawn for 
both winter and summer balance. This example shows the winter balance map from 1980. 

Since 1989, the altitudinal mass balance curves have been made by plotting point 
measurements of winter, summer and annual balance versus altitude. Representative 
values for each 100-m elevation interval were then extracted from these scatter plots (Fig. 
4). In the ice fall between the plateau and the upper tongue (1350-1000 m a.s.l.) and the 
ice-fall between the upper and lower tongue (1000-600 m a.s.l.) the balance values were 
interpolated. Below 600 m altitude, the balance values were extrapolated due to lack of 
measurements. The method is called the profile method. 
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Figure 4 
The altitudinal winter, summer and annual balance curves are plotted versus altitude. Point values for 
bw (○), bs (○) and ba (●), together with average bw (□) for each 100 m height interval are also plotted. This 
calculation method has been used since 1989. The example diagram above is from 2003. 

2.2.3 Glacier boundaries 

The boundaries used for glaciological mass balance measurements and calculations can 
be defined by the hydrological basin or the glaciological basin. While the hydrological 
basin includes the entire glacier area within a certain hydrological catchment, the glacio-
logical basin is limited to the glacier area providing ice to a defined glacier tongue. 
Independent of whether a hydrological or glaciological basin is used, the drainage 
boundary is defined by the ice margin and the drainage divide. The drainage divide can 
be defined in two different ways; either calculated from the glacier surface topography 
(ice drainage divide) or from a combination of subglacial topography and ice thickness 
(water drainage divide). 

For the first six years (1962-67), the mass balance was measured and calculated using the 
glaciological basin. From 1968, the hydrological basin draining to the lake Nigardsbre-
vatnet (Fig. 1) was introduced and has subsequently been used. The drainage divide was 
solely calculated from the glacier surface topography. The hydrological and glaciological 
basins for 1984 are shown in figure 5. 
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Figure 5 
The hydrological (47.8 km2) and glaciological (40.8 km2) basins based on the 1984 mapping. 

In the reported datasets as published up to and including 2010 (Kjøllmoen, 2011), the 
mass balance calculations are based on the height-area distribution from 1964, 1974(66), 
1984 and 2009 maps (Fig. 6). As shown in the figure, there are considerable time lags 
between the mass balance data and the reference area used for calculating mass balances. 
When a new map was available, it was used for the calculations from then and onwards. 

Figure 6 
Upper line indicates map base used in the reported mass balance series. Years denote year of validity 
period for each map. 

2.2.4 Glaciological mass balance series 

The original glaciological mass balance series gives a surplus of 18.7 m w.e. for the 
period 1962-2013. The results show a considerable mass surplus from 1962 to 1976 (+6.4 
m w.e.) and from 1989 to 2000 (+12.9 m w.e.). The periods 1977-1988 and 2001-2013 
were nearly in balance (+0.3 and −0.9 m w.e. respectively). 

The mean winter, summer and annual mass balances for 1962-2013 were 2.38, −2.02 and 
+0.36 m w.e., respectively. The annual winter, summer and annual mass balance results 
from 1962 to 2013 are shown in figure 7. 
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Figure 7 
Winter, summer and annual mass balance for Nigardsbreen over the period 1962-2013. 
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3 Homogenization 
3.1 Geodetic mass balance 
The accuracy of the final DEMs is principally influenced by the quality of the raw data 
and by the process from raw data to DEM. The raw data acquisition and the DEM 
processing were quite different for 1964, 1984 and 2009/2013, respectively. 

3.1.1 Mapping 2013 

The 2013 DEM was based on data acquired by LIDAR (see chap. 2.1.4). Generally, the 
accuracy of data sets acquired by LIDAR is of high quality. The accuracy of the LIDAR 
data was investigated by comparing the original LIDAR data set with 13 control points 
measured with GNSS on the glacier surface, and with 6 fixed points in non-glacierized 
areas. As the x and y co-ordinates of the LIDAR point values versus GNSS and fixed 
points are not exactly identical, interpolated values were extracted from the LIDAR data 
set. The interpolation was done using the “Kriging” interpolation method and a grid size 
of 1x1 m. 

GNSS on the glacier surface 

The control points on the glacier surface were measured on 22nd August 2013, while the 
LIDAR data was acquired on 10th September 2013. Based on stake readings on 
22nd August and 25th September, and air temperature from two climate stations, the 
elevation change for the control points were estimated for the period from 22nd August to 
10th September. The results from the comparison are shown in table 2 and figure 8. 
Thirteen control points, 9 points on the glacier plateau and 4 points on the tongue were 
compared. The accuracy of the measured control points was assumed as ±0.1 m. The 
differences (Diff. = Heightadj. – HeightLIDAR) were between +0.76 and −1.17 m with an 
average of −0.10 m. 

Table 2 
Comparison of glacier surface elevation between control points measured with GNSS and the original 
LIDAR data set. The surface elevations measured on 22nd August (HeightGNSS) were adjusted to 
elevations related to 10th September (Heightadj.). 

Point No. North East HeightGNSS Heightadj. HeightLIDAR Diff. (m)

57 6 840 011,26 396 255,18 1 950,74 1 950,41 1 950,13 0,28

T56 6 841 517,21 398 352,91 1 792,24 1 791,88 1 792,08 ‐0,20

96‐13 6 846 601,80 401 196,50 1 752,04 1 751,68 1 752,14 ‐0,46

98‐13 6 845 892,48 403 383,75 1 731,62 1 731,32 1 732,49 ‐1,17

94 6 843 990,03 398 512,01 1 682,71 1 682,31 1 682,47 ‐0,16

T95 6 845 361,65 399 594,98 1 674,42 1 674,06 1 674,45 ‐0,39

54 6 843 059,40 399 795,78 1 611,85 1 611,36 1 611,49 ‐0,13

55‐13 6 844 286,36 402 238,42 1 465,01 1 464,58 1 464,81 ‐0,23

55‐12 6 844 152,45 402 294,89 1 464,36 1 463,90 1 464,22 ‐0,32

1000‐13 6 841 537,17 402 711,94 973,23 972,37 971,97 0,40

1000‐12 6 841 346,61 402 863,28 941,68 940,82 940,06 0,76

600‐13 6 840 618,40 404 609,85 609,39 608,17 607,57 0,60

600‐12 6 840 515,50 404 638,03 595,20 593,98 594,24 ‐0,26
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Figure 8 
Spatial distribution of the thirteen control points measured on the glacier surface of Nigardsbreen 
on 22nd August. 

Fixed points 

The 2013 LIDAR data was also compared with six fixed points in non-glacierized areas. 
The differences (Diff. = Heightfix pt – HeightLIDAR) were between +0.12 and −0.22 m with 
an average of −0.09 m. The accuracy of the control points was assumed to be better than 
±0.15 m. The results are given in table 3 and figure 9. 

Table 3 
Comparison of six fixed points with corresponding points extracted from the 2013 LIDAR data set in 
non-glacierized areas. 

  

Point No. North East Heightfix pt HeightLIDAR Diff. (m)

C30T152 6 837 893,18 400 231,21 1 605,09 1 605,31 ‐0,22

C29T11 6 839 717,31 396 028,67 1 952,43 1 952,31 0,12

C29T13 6 845 810,25 398 341,50 1 830,30 1 830,40 ‐0,10

C30T273 6 836 012,58 402 957,91 403,84 403,89 ‐0,05

NIG137 6 839 518,52 401 088,45 1 613,30 1 613,50 ‐0,20

NIG136 6 843 892,51 404 147,36 1 667,24 1 667,33 ‐0,09
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Figure 9 
Spatial distribution 
of the six fixed 
points in non-
glacierized areas 
compared with 
corresponding 
points extracted 
from the 2013 
LIDAR data set. 
 
 

Mapping 2013 – evaluation summary 

The evaluation based on the GNSS measurements on the glacier surface revealed 
differences up to 1.17 m. Due to the time lag between the GNSS measurements and the 
LIDAR acquisition, the estimated surface elevation change from 22nd August to 
10th September is an uncertain factor and can possibly explain some of the relative great 
differences. The comparison based on the fixed points however, gave differences less 
than 0.3 m. 

Furthermore, the LIDAR points and the derived grid points will not match the control 
points. The control points in non-glacierized areas are typically located on the topmost 
point of a peak or a hill, usually represented by a bolt (3-5 cm high). The LIDAR points 
will only exceptionally hit the bolt. The impact of this mismatching will be lower 
elevation of the interpolated LIDAR points compared with the corresponding fixed 
points. 

Generally, the two independent evaluations showed good accordance between the control 
points and the LIDAR data with mean difference as 0.1 m. Accordingly, the quality of the 
LIDAR data was considered as good, and correction of the 2013 DEM was not necessary. 

3.1.2 Mapping 2009 

As the 2013 DEM, the 2009 DEM was also based on data acquired by LIDAR. The 
accuracy of the 2009 LIDAR data on Nigardsbreen was investigated by comparing the 
original LIDAR data set with 7 control points measured with GNSS on the glacier 
surface, with 6 fixed points in non-glacierized areas, and with the 2013 DEM in non-
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glacierized areas. As the x and y co-ordinates of the LIDAR data set versus GNSS and 
fixed points were not exactly identical, interpolated values were extracted from the 
LIDAR data set. The interpolation was done using the “Kriging” interpolation method 
and a grid size of 1x1 m. 

GNSS on the glacier surface 

While the control points were measured on 13th October, the LIDAR data was acquired 
on 17th October. Neither melting nor precipitation was assumed these days and thus, the 
glacier surface elevation was considered to be unchanged from 13th to 17th October. The 
results from the comparison are shown in table 4 and figure 10. Six control points on the 
glacier plateau and one point on the tongue were compared. The accuracy of the 
measured control points was assumed as ±0.1 m. The differences (Diff. = HeightGNSS – 
HeightLIDAR) were between +0.44 and −0.09 m with an average of +0.16 m. Thus, in 
overall the LIDAR data was slightly lower than the control points. 

Table 4 
Comparison of glacier surface elevation between control points measured with GNSS and the original 
LIDAR data set. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 
Aerial distribution 
of seven control 
points measured on 
the glacier surface 
of Nigardsbreen on 
13th October, only 
four days before the 
LIDAR acquisition. 

Point No. North East HeightGNSS HeightLIDAR Diff. (m)

600‐05 6 840 353,6 404 656,4 580,64 580,73 ‐0,09

55‐09 6 844 012,8 402 503,5 1 465,29 1 465,30 ‐0,01

54‐09 6 843 166,4 400 078,2 1 604,44 1 604,00 0,44

94‐08 6 843 931,8 397 988,0 1 700,44 1 700,17 0,27

96‐09 6 846 634,4 401 034,2 1 752,80 1 752,50 0,30

T56 6 841 266,1 398 352,7 1 791,83 1 791,75 0,08

57‐09 6 839 911,4 396 184,8 1 958,21 1 958,05 0,16
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Fixed points 

The 2009 LIDAR data was also compared with six fixed points in non-glacierized areas. 
The differences (Diff. = Heightfix pt – HeightLIDAR) are between +0.80 and −1.50 m with an 
average of −0.35 m. The three fixed points giving differences between +0.02 and −0.22 m 
(C29T11, NIG137 and NIG136) were most reliable because the points were located in 
relatively flat areas. Besides the accuracy of the control points C29T11 and NIG137 were 
assumed to be better than ±0.15 and 0.30 m, respectively. The accuracy of the other four 
fixed points was assumed to be rather poor (±1 m). The results are given in table 5 and 
figure 11. 

Table 5 
Comparison of six fixed points with corresponding points extracted from the 2009 LIDAR data set in 
non-glacierized areas. 

Figure 11 
Aerial distribution of six fixed points in non-glacierized areas compared with corresponding points 
extracted from the 2009 LIDAR data set. 

DEM 2013 

The 2009 LIDAR data was compared with the 2013 DEM in non-glacierized areas. The 
2013 DEM was then considered as the reference DEM. Ideally the non-glacierized terrain 

Point No. North East Heightfix pt HeightLIDAR Diff. (m)

C29T11 6 839 717,3 396 028,7 1 952,43 1 952,40 0,02

NIG137 6 839 518,5 401 088,5 1 613,30 1 613,40 ‐0,10

NIG134 6 839 659,8 401 130,8 1 629,97 1 631,08 ‐1,11

NIG132 6 839 986,0 405 053,0 608,00 607,20 0,80

NIG133 6 840 290,7 404 931,5 666,00 667,50 ‐1,50

NIG136 6 843 892,5 404 147,4 1 667,24 1 667,46 ‐0,22
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from two DEMs should correspond exactly. Due to all the inaccuracies, however, 
elevation differences will always occur when comparing two DEMs. 

The comparison of the 2009 LIDAR data with the 2013 DEM was solely located in south-
east. The results from 65118 grid points were first compared. The grid cell differences 
(Diff. = ZDEM2009 – ZDEM2013) were between +22 and −104 m with an average of −0.40 m. 

Comparing elevation values in steep areas is considered to be very uncertain and should 
preferably be avoided. Thus, all difference values located in areas steeper than 30° were 
removed. Accordingly, the results from the 21043 remaining points showed differences 
from +4.8 to −6.4 m with an average of −0.39 m. Generally, the results indicated that the 
2009 DEM is 0.4 m higher than the 2013 DEM (Fig. 12). In accordance with the previous 
evaluations of the two DEMs, both of them are proved to be of high quality. The results 
from this comparison in non-glacierized areas, however, are not necessarily representa-
tive of the glacier surface. As discussed by Andreassen et al. (2012), DEM interpolation 
of glacier surfaces with limited roughness introduces fewer errors than mountainous 
terrain outside the glacier with higher topographic roughness. Data derived from laser-
scanned data are, however, very accurate on snow-covered surfaces with low roughness. 

Figure 12 
Aerial distribution of elevation differences in non-glacierized areas by comparing the 2009 DEM with the 
2013 DEM. Thus, red dots indicate that the 2009 DEM is higher than the 2013 DEM and vice versa. 
Values in areas steeper than 30° were removed. 
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Mapping 2009 – evaluation summary 

The evaluations based on the GNSS measurements on the glacier surface, the fixed points 
in non-glacierized areas and the 2013 DEM in non-glacierized areas showed mean 
differences as 0.2 m, 0.4 m and 0.4 m, respectively. The control points from the GNSS 
measurements were considered to be of good quality (±0.1 m). The accuracy of the fixed 
points was more uncertain, but was assumed ranging between 0.3 and 1.0 m (0.15 m for 
control point C29T11). The height accuracy of the 2013 DEM was assumed to be ±0.1 m, 
which was verified by the 2013 DEM evaluation. The three independent evaluations 
showed good accordance and indicated LIDAR data of good quality. Accordingly, a 
correction of the 2009 DEM was not necessary. 

3.1.3 Mapping 1984 

The 1984 DEM was based on data acquired by aerial photography. Typical sources of 
errors are the accuracy of the ground control points, the glacier topography (steep slopes) 
and the meteorological/hydrological conditions (snow-covered surface). All these sources 
will influence the accuracy of the final DEM. 

The map was constructed using several control points, but information about the number 
and the quality is not available. The glacier topography is relatively flat and smooth in the 
areas above 1400 m a.s.l. Below 1400 m altitude the topography is dominated by a steep 
and crevassed surface. At the time of photography, there was no fresh snow on the glacier 
surface. The temporary snow line was at approximately 1300 m altitude. The plotting 
accuracy was assumed to be better than ±5 m both in horizontal and vertical direction. 

The accuracy of the 1984 DEM was investigated by comparing the 1984 contour lines 
with surveyed points on the glacier surface, with fixed points in non-glacierized areas and 
with the 2013 DEM in non-glacierized areas. 

Surveying on the glacier surface 

At the time of photographing (August 1984), no independent surveying were done. In the 
previous year (1983), however, over the period from 26th June to 10th July, 66 points on 
the glacier surface were surveyed using theodolite and electro-optic distance meter. The 
surveying was performed as tachymetry in a so-called open traverse, i.e. surveying with 
no control. The points were located in the height interval between 1450 and 1800 m a.s.l. 
(Fig. 13). The accuracy of the surveyed points are not known, but is assumed to be in the 
order of ±2 m in horizontal and vertical axis. Results from the surveyed points were 
compared with extracted values from the 10x10 m DEM. The potential elevation changes 
from June/July 1983 to August 1984 were not taken into consideration. It was, however, 
assumed that the glacier surface elevation was almost unchanged, possibly a little 
increase in the accumulation area (above 1500 m a.s.l.). The comparison is not exact 
valid, but it may give an indication of the quality of the 1984 DEM. Figure 13 shows the 
area distributed height differences between the surveyed areas in 1983 and the 1984 
DEM. 
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Figure 13 
66 surveyed points from June/July 1983 compared with corresponding points extracted from the 1984 
DEM. 

The comparison showed height differences (Diff. = Heightsurv.83 – HeightDEM 84) between 
+5.2 and −6.5 m with an average of −0.54 m. Generally, the 1984 DEM surface is higher 
than the 1983 surface in the north areas, but lower in south. Whether this difference is a 
result of a real elevation change from 1983 to 1984, inaccuracies in the 1983 surveying, 
or faults (skew or shift) in the 1984 DEM can hardly be proved. 

Fixed points 

The 10x10 m DEM was also compared with seven fixed points in non-glacierized areas. 
Fix point C29T11 is classified as reference mark in the official fundamental network 
running by the Norwegian Mapping Authority, and the accuracy, hence, is estimated as 
±0.15 m in both horizontal and vertical axis. The other six points were established and 
calculated by NVE. The accuracy is unknown, but was assumed ranging between 0.3 and 
1.0 m. The comparison showed that the DEM 1984 is lower than the seven fix points 
(Diff. = Heightfix pt – HeightDEM) ranging between 0.9 and 8.6 m with an average of 4.7 m. 
Results from the comparison are shown in table 6 and figure 14. 
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Table 6 
Comparison of seven fixed points with corresponding points extracted from the 1984 DEM in non-
glacierized areas. 

Figure 14 
Aerial distribution of seven fixed points in non-glacierized areas compared with corresponding points 
extracted from the 1984 DEM. 

DEM 2013 

For the comparison of the 1984 DEM with the 2013 DEM, which was considered as the 
reference DEM, congruent non-glacierized terrain was mostly located to the border areas 
in southeast and some few points in southwest and northwest. Digitized contour line 
points from 1984 were compared with corresponding values extracted from the 2013 
DEM. The results from 7706 points were first compared. The differences (Diff. = 
ZDEM1984 – ZDEM2013) were between −109 and +153 m with an average of +0.9 m. When 
removing all difference values located in areas steeper than 30°, the results from the 2000 
remaining points showed differences from −58 to +36 m with an average of +1.5 m. 
Generally, the results indicated that the 1984 DEM is higher than the 2013 DEM (Fig. 
15). 

Point No. North East Heightfix pt HeightDEM Diff. (m)

C29T11 6 839 717,3 396 028,7 1 952,43 1 943,84 8,58

NIG137 6 839 518,5 401 088,5 1 613,30 1 605,98 7,32

NIG131 6 840 022,1 404 088,1 766,47 765,04 1,43

NIG132 6 839 986,0 405 053,0 608,00 599,63 8,37

NIG133 6 840 290,7 404 931,5 666,00 664,14 1,86

NIG130 6 840 548,0 403 647,6 968,23 967,35 0,88

NIG136 6 843 892,5 404 147,4 1 667,24 1 662,83 4,41
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Figure 15 
Spatial distribution of elevation differences in non-glacierized areas. The contour line points from 1984 
were subtracted from the corresponding DEM values from 2013. Thus blue dots indicate that the 1984 
DEM is higher than the 2013 DEM and vice versa. Values in areas steeper than 30° were removed. 

Terrain maps 

The x/y-shift between two DEMs can be evaluated by checking the relationship between 
the elevation differences of the two DEMs and the direction of the terrain (aspect) (Nuth 
and Kääb, 2011). The 1984 DEM was compared with the 2013 DEM. The relationship 
can be described visually and schematic. 

The elevation differences between 1984 and 2013 and the shaded relief of the terrain for 
2013 are shown in figure 16 and the schematic drawing of the elevation differences in 
non-glacierized area is shown in figure 17. 

The evaluation did not indicate any horizontal shift between the two DEMs. 
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Figure 16 
Elevation differences between 1984 and 2013 (left) and hillshade of the 2013 DEM (right). 

Figure 17 
The scatter of elevation differences between the 1984 and 2009 DEMs showing the relationships 
between the vertical deviations normalized by the slope tangent (y-axis) and the terrain aspect (x-axis). 

The uncertainty of the difference between the 1984 and the 2013 DEMs, where σDEM is 
the accuracy of a DEM, can be calculated as: 

     σ = (σDEM2
2 + σDEM1

2)½ 

Using an elevation accuracy of the glacier surface of 0.30 m for the 2013 DEM and 5.0 m 
for the 1984 DEM gave an estimated uncertainty of the difference DEM of 5.0 m. The 
accuracy of the 1984 DEM may be better. If the accuracy was 2.0 m, the uncertainty was 
reduced to 2.0 m. 
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Mapping 1984 – evaluation summary 

The two evaluations comparing control points on the glacier surface and fixed points in 
non-glacierized areas with the 10x10 m DEM were not considered to be a sound 
verification of the 1984 DEM quality. The evaluations were influenced by several 
elements of uncertainties. The accuracy of six of the control points and the surveyed 
points in 1983 is unknown, the time lag between field and aerial surveying is more than 
one year and the four fixed points in southeast are located in highly steep slopes. Due to 
all these uncertainties, an evaluation of the 1984 DEM based on the surveyed points on 
the glacier surface and fixed points in non-glacierized areas was considered as unreliable 
and was not taken into account. 

The comparison between the 1984 contour lines and the 2013 DEM in non-glacierized 
areas indicated that the 1984 DEM was too elevated. The mean elevation difference was 
1.5 m and the standard deviation of the elevation differences was calculated as 7.6 m. The 
number of independent samples was set to 47, which was the number of independent 
contour lines. The acceptable standard error at 95 % confidence level [1.96 x 
st.dev/sqr(n)] was calculated as 2.2 m. Accordingly, as the mean of the elevation 
difference (1.5 m) was lower than the acceptable standard error (2.2 m), a vertical 
correction of the 1984 DEM was not necessary. 

3.1.4 Mapping 1964 

The 1964 DEM was based on data acquired by aerial photography. The sources of errors 
are similar to the 1984 mapping. 

The map was constructed using 33 control points. At the time of photography, there was 
some fresh snow in areas above approximately 1400 m altitude on the glacier surface. 
The accuracy of the processed map data was assumed to be better than 0.5 m both in 
horizontal and vertical direction (Terratec AS, 2014). 

At the time of photographing (September 1964), no independent surveying was done. The 
accuracy of the 1964 DEM was investigated by comparing the 1964 grid points with 
fixed points in non-glacierized areas and with the 2013 DEM in non-glacierized areas. 

Fixed points 

The 1964 DEM was compared with nine fixed points in non-glacierized areas. The 
comparison showed that the 1964 DEM was lower than seven of the fix points and higher 
than two of the points. The differences (Diff. = Heightfix pt – HeightDEM) were ranging 
between +11.1 and −1.8 m with an average of +3.4 m. Results from the comparison are 
shown in table 7 and figure 18. 
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Table 7 
Comparison of nine fixed points with corresponding points extracted from the 1964 DEM in non-
glacierized areas. 

Figure 18 
Aerial distribution of nine fixed points in non-glacierized areas compared with corresponding points 
extracted from the 1964 DEM. 

DEM 2013 

Congruent non-glacierized terrain was solely located to the border areas in southeast. 
Extracted points from the 1964 DEM were compared with corresponding values extracted 
from the 2013 DEM. The results from 264950 points were first compared. The 
differences (Diff. = ZDEM1964 – ZDEM2013) were between +86 and −180 m with an average 
of −0.7 m. When areas steeper than 30° was disregarded the results from the 93714 
remaining points showed differences from +31 to −38 m with an average of −0.6 m. 
Generally the results indicated that the 1964 DEM was some lower than the 2013 DEM 
(Fig. 19). 

Point No. North East Heightfix pt HeightDEM Diff. (m)

C29T11 6 839 717,3 396 028,7 1 952,43 1 950,63 1,79

C29T13 6 845 810,3 398 341,5 1 830,30 1 829,60 0,70

NIG137 6 839 518,5 401 088,5 1 613,30 1 603,99 9,31

NIG131 6 840 022,1 404 088,1 766,47 763,61 2,86

NIG132 6 839 986,0 405 053,0 608,00 596,91 11,09

NIG133 6 840 290,7 404 931,5 666,00 667,77 ‐1,77

NIG134 6 839 659,8 401 130,8 1 629,97 1 624,47 5,50

NIG130 6 840 548,0 403 647,6 968,23 966,82 1,41

NIG136 6 843 892,5 404 147,4 1 667,24 1 667,34 ‐0,10
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Figure 19 
Spatial distribution of elevation differences in non-glacierized areas. The extracted points from 1964 
were subtracted from the corresponding DEM values from 2013. Thus, blue dots indicate that the 1964 
DEM is higher than the 2013 DEM and vice versa. Values in areas steeper than 30° were removed. 

Terrain maps 

As for the 1984 DEM, the 1964 DEM was also checked for horizontal shift. The 
relationship and hence, the similarity of elevation differences between 1964 and 2013 
with the shaded relief of the terrain for 2013 are shown in figure 20. Figure 21 shows the 
schematic drawing of the elevation differences with a function that was based upon the 
terrain slope and aspect. Due to the large data set an average value for 10 degrees 
intervals of terrain aspects were calculated and plotted. 

The evaluation did not indicate any shift between the two DEMs. 
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Figure 20 
Elevation differences between 1964 and 2013 (left) and hillshade of the 2013 DEM (right). 
 

Figure 21 
The scatter of elevation differences between the 1964 and 2013 DEMs showing the relationships 
between the vertical deviations normalized by the slope tangent (y-axis) and the terrain aspect (x-axis). 
Due to the large data set an average value for 10 degrees intervals of terrain aspects are calculated and 
plotted. 

The uncertainty of the difference between the 1964 and the 2013 DEMs, where σDEM is 
the accuracy of a DEM, can be calculated as: 

     σ = (σDEM2
2 + σDEM1

2)½ 

Using an elevation accuracy of the glacier surface of 0.30 m for the 2009 DEM and 0.5 m 
for the 1964 DEM gives an estimated uncertainty of the difference DEM of 0.6 m. 

Mapping 1964 – evaluation summary 

As for the 1984 DEM evaluation, the simple evaluation comparing fixed points in non-
glacierized areas with extracted values from the 1964 DEM was not considered to be a 
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sound verification of the 1964 DEM quality. Hence, this evaluation was considered as 
unreliable and was not taken into account. 

The comparison between the 1964 DEM and the 2013 DEM in non-glacierized areas 
indicated that the 1964 DEM was too low. The mean elevation difference was 0.6 m and 
the standard deviation of the elevation differences was calculated as 1.5 m. The number 
of independent samples was set to 100 (Koblet et al., 2010). The acceptable standard error 
at 95 % confidence level [1.96 x st.dev/sqr(n)] was calculated as 0.3 m. The mean of the 
elevation difference (0.6 m) was higher than the acceptable standard error (0.3 m), and 
hence, a requirement of a vertical correction of the 1964 DEM was indicated. However, 
as the mean elevation difference (0.6 m) was smaller than 1.0 m, a vertical correction was 
not necessary. 

3.1.5 Mass change 1964-1984 

The spatial distribution of thickness changes at Nigardsbreen from 2nd September 1964 to 
10th August 1984 is shown in figure 22. The geodetic mass balance over the period 
1965(64)-1984 was calculated within the hydrological basin using grid size of 10 x 10 m. 
Average volume change is multiplied with the density conversion factor (850 kg m-3), 
divided with the mean area for 1964 and 1984 and adjusted for additional melting in 1964 
and 1984. The results are given in table 8. 

Figure 22 
DEM differences within the hydrological basin of Nigardsbreen from 2nd September 1964 to 10th August 
1984. 
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Geodetic mass balance over 1964-1984 was +2.79 m w.e. In accordance with the geodetic 
mass balance surplus, the ice thickness change was significant positive (>1 m) for 81 % 
of the surveyed glacier area (Fig. 22). The thickness change was significant negative (<−1 
m) for 11 % of the area, and for 8 % of the surveyed glacier area the thickness change 
was within ±1 m. A decrease of ice thickness appeared at the lower glacier tongue, at the 
outer brim in east and in some minor spots in the accumulation area. Mean thickness 
change was +3.7 meters. 

3.1.6 Mass change 1984-2009 

The spatial distribution of thickness changes at Nigardsbreen from 10th August 1984 to 
17th October 2009 is shown in figure 23. The geodetic mass balance over the period 
1985(84)-2009 was calculated within the hydrological basin using grid size of 10 x 10 m. 
Average volume change was multiplied with the density conversion factor (850 kg m-3), 
divided with the mean area for 1984 and 2009 and adjusted for additional melting in 1984 
and fresh snow in 2009. The results are given in table 8. 

Figure 23 
DEM differences within the hydrological basin of Nigardsbreen from 10th August 1984 to 17th October 
2009. 

Geodetic mass balance over 1984-2009 was –1.44 m w.e. In accordance with the geodetic 
mass balance deficit, the ice thickness change was significant negative (<−1 m) for 53 % 
of the surveyed glacier area (Fig. 23). The thickness change was significant positive (<−1 
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m) for 25 % of the area, and for 22 % of the surveyed glacier area the thickness change 
was within ±1 m. Generally, an increase of ice thickness appeared at the higher accu-
mulation areas in southwest and at the outermost part of the glacier tongue. Mean 
thickness change was −1.8 meters. 

3.1.7 Mass change 2009-2013 

The spatial distribution of thickness changes from 17th October 2009 to 10th September 
2013 is shown in figure 24. The geodetic mass balance over the period 2010(09)-2013 
was calculated within the hydrological basin using grid size of 10 x 10 m. Average 
volume change was multiplied with the density conversion factor (850 kg m-3), divided 
with the mean area for 2009 and 2013 and adjusted for fresh snow in 2009 and for 
additional melting in 2013. The results are given in table 8. 

Figure 24 
DEM differences within the hydrological basin of Nigardsbreen from 17th October 2009 to 10th September 
2013. 

Geodetic mass balance over 2010-2013 was –3.24 m w.e. In accordance with the geodetic 
mass balance deficit, the ice thickness change was significant negative (<−1 m) for 97 % 
of the surveyed glacier area (Fig. 24). The thickness change was significant positive (<−1 
m) for 2 % of the area, and for 2 % of the surveyed glacier area the thickness change was 
within ±1 m. Generally, a decrease of ice thickness appeared all over the glacier surface. 
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Only minor areas in the steep crevassed areas revealed increased ice thickness. Mean 
thickness change was −4.0 meters. 

3.1.8 Mass change 1984-2013 

The spatial distribution of thickness changes from 10th August 1984 to 10th September 
2013 is shown in figure 25. The geodetic mass balance over the period 1985(84)-2013 
was calculated within the hydrological basin using grid size of 10 x 10 m. Average 
volume change was multiplied with the density conversion factor (850 kg m-3), divided 
with the mean area for 1984 and 2013 and adjusted for additional melting in 1984 and 
2013. The results are given in table 8. 

Figure 25 
DEM differences within the hydrological basin of Nigardsbreen from 10th August 1984 to 10th September 
2013. 

Geodetic mass balance over 1984-2013 was –4.66 m w.e. In accordance with the geodetic 
mass balance deficit, the ice thickness change was significant negative (<−1 m) for 90 % 
of the surveyed glacier area (Fig. 25). The thickness change was significant positive (<−1 
m) for 2 % of the area, and for 8 % of the surveyed glacier area the thickness change was 
within ±1 m. Generally, a decrease of ice thickness appeared all over the glacier surface. 
Only minor areas revealed increased ice thickness. Mean thickness change was −5.8 
meters. 
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3.1.9 Mass change 1964-2013 

The spatial distribution of thickness changes from 2nd September 1964 to 10th September 
2013 is shown in figure 26. The geodetic mass balance over the period 1965(64)-2013 
was calculated within the hydrological basin using grid size of 10 x 10 m. Average 
volume change was multiplied with the density conversion factor (850 kg m-3), divided 
with the mean area for 1964 and 2013 and adjusted for additional melting in 1964 and 
2013. The results are given in table 8. 

Figure 26 
DEM differences within the hydrological basin of Nigardsbreen from 2nd September 1964 to 
10th September 2013. 

Geodetic mass balance over 1964-2013 was –1.83 m w.e. In accordance with the geodetic 
mass balance deficit, the ice thickness change was significant negative (<−1 m) for 38 % 
of the surveyed glacier area (Fig. 26). The thickness change was significant positive (<−1 
m) for 29 % of the area, and for 33 % of the surveyed glacier area the thickness change 
was within ±1 m. Generally, a decrease of ice thickness appeared all over the glacier 
surface. However, several areas also revealed an increase of ice thickness. Mean 
thickness change was −2.2 meters. 
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Table 8 
Volume change and geodetic mass balance for the periods 1964-1984, 1984-2009, 2009-2013 and for the 
entire period 1964-2013. 

3.2 Glaciological mass balance 
As the methodology of the surface mass balance calculations has changed through the 
years since the beginning in 1962 a homogenization of the series of Nigardsbreen was 
necessary. Five major factors were considered and are described in the following. 

3.2.1 Contour line method 

From 1962 to 1988 both the winter and summer balances were calculated using the 
contour line method (Fig. 3). From 1989, the altitudinal mass balance curves have been 
made by plotting point measurements versus altitude (Fig. 4). Accordingly, the 
homogenization involved re-calculation of the period 1962-1988 using the profile 
method. 

3.2.2 Height-area distribution 

The mass balance calculations were based on height-area distribution from five maps 
(1964, 1974, 1984, 2009 and 2013). There were considerable time lags between the mass 
balance data and the map used for the calculations (Fig. 6). Over the years from 1964 to 
2013, Nigardsbreen had periods of both shrinking and growing. Hence, the period 
between two mappings were divided in two, and each map was applied to half of the 
period before the mapping year and half of the period after the mapping year (Fig. 27). 
Another method for assessing the height-area distribution is an annual linear change-over 
from DEMI to DEMII. This method will be most appropriate if the changes over a period 
are solely increasing, or decreasing. Accordingly, the homogenization involved re-
calculation of the periods 1969-73, 1979-87 and 1997-2010. 

Figure 27 
Upper line indicates map base for the re-analysed mass balance series. Years denote year of validity 
period for each map. 

3.2.3 Converting from snow depth to water equivalent 

Winter balance calculations are based on measurements of snow depths and snow density 
(described in chapter 2.2.1). The converting procedure from snow depth to water 
equivalent has varied through the ages. For the first four decades (from 1960’s to 1990’s) 

2010

Mass balance year

1964 1974(66) 1984 2009

Map base for re-analysed mass balance series

2013

19901962 1970 1980 2000

period areaI areaII vol. ch. dens. fac.

(km2) (km2) (mill. m3) (kg m-3) yearI yearII acc. ann.

1965-1984 48.31 48.86 181 850 -0.06 -0.44 2.79 0.14

1985-2009 48.86 47.93 -89 850 -0.44 -0.32 -1.44 -0.06

2010-2013 47.93 46.61 -193 850 -0.32 -0.08 -3.24 -0.81

1985-2013 48.86 46.61 -282 850 -0.44 -0.08 -4.66 -0.16

1965-2013 48.31 46.61 -101 850 -0.06 -0.08 -1.83 -0.04

date adj. (m w .e.) geod. mb. (m w .e.)
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a precise documentation of the converting procedure is lacking. However, for some of the 
years, it seems as if an average density (ρav) of the snow pack was used for each point 
measurement (ca) expressed as: bw = ca (m)*ρav (kg m−3)/1000. For some other years, it 
seems as if an unique snow density for each snow depth was estimated based on the 
measured average density. From 2001 the current converting method was adopted. The 
snow density and, hence, the water equivalent, was calculated for each snow sample part. 
The accumulated water equivalent was plotted with increasing snow depth and a mathe-
matical trend line and function was formatted. Usually a polynomial of degree three (or 
two) was used expressed as: bw = a*ca

3 + b*ca
2 + c*ca + d (a, b, c and d are coefficients). 

An example from 2005 is given in figure 28. For the year 1982, a polynomial function 
was illogical, and hence, a linear function was used. In the homogenization this conver-
ting method was implemented for 40 of the 52 year period. Of different reasons the 
original water equivalent values (bw) was continued for twelve of the years. For the years 
1962-67, 76, 78 and 80 snow density was partially measured two or three times over the 
winter season. For 1968, 84 and 96 snow depth or snow density data was lacking, or 
difficult to interpret. 

Figure 28 
Snow density measurements from 2005. The snow density for each sample part is shown on the left 
axis and the accumulated water equivalent is shown on the right axis. The converting function is shown 
in the frame. 

3.2.4 Ice divide 

The ice divide was originally constructed for each map, including the 1964 and 1984 
maps. It was, however, assumed that the ice divide constructed from the 2009 DEM, and 
later confirmed with the 2013 DEM, was the most accurate and approximately unchanged 

bw = -0.00173*snow depth (m)3 + 0.03378*snow depth (m)2
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in the entire period. Accordingly, the homogenization involved re-calculation of the 
period 1962-2010 using the ice divide from 2009. 

3.2.5 Glacier boundaries (1962-1967) 

From 1962 to 1967, the mass balance for Nigardsbreen was measured and calculated 
using the glaciological basin (Fig. 5). From 1968, the hydrological basin has been the 
applied method. Accordingly, the homogenization involved re-calculation of the period 
1962-1967 using the hydrological basin. 

3.2.6 Results 

Homogenizing by re-calculation of the mass balance series from 1962 to 2010 (the years 
2011-2013 were not necessary to re-calculate) ensure a uniform methodology, data 
processing and interpretation of the calculation process from field data to the final 
balance values. All point measurements of snow depths and stakes were identified and 
given current positions and heights. The re-calculation was based on the profile method 
within the hydrological basin and with the current DEM and ice divide from 2009/2013. 
The review of the historic data sets and the re-calculation process also revealed some 
errors in the original mass balance calculations. These errors were corrected in the re-
calculations. Some of the years had great corrections. A qualitative assessment of nine 
problematic years, where winter and summer balance adjustments are particularly great, 
follows: 

1962, 1965 and 1969: Several snowfalls occurred during the summer seasons in these 
three years. Originally, this summer snow was included in the winter balance calculation. 
When re-calculating, the summer snow was not included in the winter balance, but was 
taken into account in the summer balance. Thus, both winter and summer balances were 
reduced, while the annual balances were slightly changed. 

1967: It was reported that the summer surface, and thus the snow depth, was difficult to 
define by probing in the spring. It was also reported that stake readings during the 
summer confirmed that the soundings were reliable. However, plotting sounded snow 
depths with snow depths calculated from stake readings reveals a distinct discrepancy. 
The soundings reflect greater snow depths than given from the stake readings. Based on 
the difficulties in snow depth probing, it is reasonable to assume that the stake readings 
are more reliable. Hence, the winter balance curve was adjusted in order to fit the stake 
values, reducing the winter balance by 0.42 m w.e. 

1979: As for the years 1962, 65 and 69 the summer snow was originally included in the 
winter balance. However, as opposed to the same years, the melting of the summer snow 
was not accounted for in the summer balance. Consequently, the winter balance was 
overestimated and the summer balance was underestimated. When re-calculating, the 
summer snow was not included in the winter balance, but was taken account to the 
summer balance. Besides, it seems obviously as if the snow density applied for the snow 
depths below 1650 m a.s.l. is too high compared with the values from the density pit. 
Hence, water equivalents below 1650 m elevation were re-calculated and taken into 
account. 

1989: There were some uncertain factors this year. Great snow depths above 1650 m 
elevation made probing difficult in higher areas. The snow density was measured only for 
the two meters at the top, and the ablation was measured at only three stakes in the 
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accumulation area. Accordingly, the snow depths were rather uncertain in the areas above 
1650 m a.s.l., the conversion from snow depths to water equivalents was uncertain and 
the summer balance values in the accumulation area were uncertain. All these factors 
made possible, or rather necessitated a great deal of interpretations. The re-calculation 
resulted in a decreased winter balance, from 4.05 m w.e. to 3.62 m w.e. 

1990: Great snow depths and indistinct summer surface made snow surveying by probing 
and core sampling very difficult, particularly in the areas above 1600 m elevation. Hence, 
measurements of both winter and summer balance were rather sparse in the upper areas, 
and above 1800 m elevation there was no reliable measurements at all. Due to this lack of 
measurements, the calculations were subject to many interpretations. The re-calculation 
resulted in an increased summer balance, from −1.75 m w.e. to −2.10 m w.e. 

1992: The re-analyses revealed two errors in the original estimates. Firstly, the summer 
balances for the two stakes on the tongue (942 and 582 m a.s.l.) were calculated too low. 
Secondly, the model used for conversion from snow density to water equivalents was 
based only on the upper 2 m of the snow pack. When correcting these errors the annual 
surplus decreased by 0.14 m w.e. 

1993: The re-calculation revealed an error in the density model and a poor justified 
weighting method of the snow depths between 1500 and 1700 m elevation in the original 
winter balance estimates. Both factors were taken into account in the re-calculation. The 
density model was adjusted and the weighting procedure was omitted. With these 
corrections, the winter balance decreased from 3.13 to 2.74 m w.e. 

The original and homogenized mass balance series over the period 1962-2013 are shown 
in table 9 and figure 29. 

Figure 29 
Original and homogenized mass balance series for the period 1962-2013. 
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The homogenized mass balance series over the period 1962-2013 shows a surplus of 13.2 
m w.e., which is 5.4 m w.e. less than the original series for the same period. The 
cumulative winter balance was reduced by 4.6 m w.e. (84 % of the total decrease), while 
the change in cumulative summer balance was 0.9 m w.e. (16 %). 

Generally, the homogenized mass balance series over 1962-2013 gave a lower annual 
winter balance than the original series, while the annual summer balances were both 
lower and greater than the original values. The mean winter balance decrease was 0.088 
m w.e. per year, and the mean summer balance increase was 0.016 m w.e. per year. The 
impact of the five major changes in methodology was not tested thoroughly, but some 
few spot checks indicated rather small changes in annual balances, typical within ±0.1 m 
w.e. The greatest contribution to the cumulative mass balance reduction of 5.4 m w.e. was 
ascribed to the individual errors described. Different approaches and interpretations of the 
field data and the mass balance calculations were also an important contributing factor. 
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 Table 9 
Original and homogenized mass balance series over the period 1962-2013. 

*The ice divide from 2009/2013 was used for all DEMs. 
A-dist means whether the re-calculation of winter and summer balance was changed from 
area distributed (planimeter) to height distributed values. 
Basin means whether the re-calculation was changed from glaciological to hydrological 
basin. 
DEM means whether the map base of the re-calculated mass balance series was changed. 
Dvd means whether the ice divide from 2009/2013 was used for the re-calculation. 
Dens means whether the converting from snow depth to water equivalent is based on a 
mathematical trend line/function. 
 

  

Year Bw Bs Ba ∑Ba ELA AAR DEM Area Bw Bs Ba ∑Ba ELA AAR *DEM Area A-dist Basin DEM Dvd Dens
1962 2.88 -0.63 2.25 2.25 1260 90 1964 42.19 2.11 0.17 2.27 2.27 1295 92 1964 48.31 X X X

1963 1.87 -2.09 -0.22 2.03 1550 71 1964 42.19 1.78 -1.96 -0.19 2.09 1550 66 1964 48.31 X X X

1964 2.13 -1.18 0.95 2.98 1400 85 1964 42.19 1.96 -1.19 0.76 2.85 1460 81 1964 48.31 X X X

1965 2.29 -1.38 0.91 3.89 1395 85 1964 40.86 1.93 -1.17 0.76 3.61 1410 87 1964 48.31 X X X

1966 1.76 -2.68 -0.92 2.97 1700 33 1964 40.86 1.74 -2.69 -0.95 2.66 1695 30 1964 48.31 X X X

1967 3.40 -1.24 2.16 5.13 1310 89 1964 40.86 2.98 -1.18 1.80 4.46 1330 91 1964 48.31 X X X

1968 2.72 -2.50 0.22 5.35 1550 67 1964 47.03 2.49 -2.41 0.09 4.54 1555 65 1964 48.31 X X

1969 1.95 -3.26 -1.31 4.04 1850 3 1964 47.03 1.69 -3.14 -1.45 3.09 1890 1 1974 48.10 X X X X

1970 1.73 -2.29 -0.56 3.48 1650 42 1964 47.03 1.67 -2.30 -0.63 2.46 1655 41 1974 48.10 X X X X

1971 2.11 -1.29 0.82 4.30 1400 87 1964 46.40 2.17 -1.31 0.85 3.32 1425 85 1974 48.10 X X X X

1972 1.88 -2.02 -0.14 4.16 1570 62 1964 46.56 1.79 -2.02 -0.23 3.09 1595 57 1974 48.10 X X X X

1973 2.40 -1.30 1.10 5.26 1410 86 1964 46.61 2.47 -1.41 1.06 4.15 1405 87 1974 48.10 X X X X

1974 2.06 -1.58 0.48 5.74 1490 77 1974 47.21 1.93 -1.72 0.21 4.36 1540 68 1974 48.10 X X X

1975 2.50 -2.23 0.27 6.01 1450 82 1974 48.20 2.43 -2.41 0.02 4.38 1520 72 1974 48.10 X X X

1976 2.88 -2.48 0.40 6.41 1540 67 1974 48.20 2.87 -2.44 0.44 4.82 1530 70 1974 48.10 X X

1977 1.52 -2.29 -0.77 5.64 1650 42 1974 48.20 1.49 -2.33 -0.83 3.98 1670 37 1974 48.10 X X X

1978 2.12 -2.25 -0.13 5.51 1590 57 1974 48.20 2.00 -2.24 -0.24 3.74 1610 53 1974 48.10 X X

1979 2.75 -2.04 0.71 6.22 1500 75 1974 48.20 2.43 -2.10 0.34 4.08 1560 64 1984 48.86 X X X X

1980 1.77 -2.99 -1.22 5.00 1730 22 1974 48.20 1.76 -3.03 -1.28 2.80 1735 22 1984 48.86 X X X

1981 2.19 -1.88 0.31 5.31 1560 63 1974 48.20 2.19 -1.98 0.21 3.02 1150 66 1984 48.86 X X X X

1982 1.94 -2.36 -0.42 4.89 1600 55 1974 48.20 1.88 -2.30 -0.42 2.60 1615 52 1984 48.86 X X X X

1983 3.02 -1.93 1.09 5.98 1445 83 1974 48.20 2.94 -2.03 0.91 3.51 1455 81 1984 48.86 X X X X

1984 2.49 -2.15 0.34 6.32 1500 75 1974 48.20 2.49 -2.30 0.19 3.70 1530 70 1984 48.86 X X X

1985 1.77 -1.87 -0.10 6.22 1590 57 1974 48.20 1.74 -2.21 -0.47 3.23 1655 42 1984 48.86 X X X X

1986 1.61 -1.71 -0.10 6.12 1590 57 1974 48.20 1.49 -1.78 -0.29 2.94 1615 52 1984 48.86 X X X X

1987 2.73 -1.25 1.48 7.60 1350 90 1974 48.20 2.68 -1.46 1.22 4.16 1400 87 1984 48.86 X X X X

1988 2.24 -3.13 -0.89 6.71 1660 39 1984 47.82 2.21 -3.18 -0.97 3.19 1680 35 1984 48.86 X X X

1989 4.05 -0.85 3.20 9.91 1175 94 1984 47.82 3.62 -0.87 2.75 5.93 1220 93 1984 48.86 X X

1990 3.52 -1.75 1.77 11.68 1430 84 1984 47.82 3.55 -2.10 1.44 7.38 1410 86 1984 48.86 X X

1991 1.95 -1.75 0.20 11.88 1520 71 1984 47.82 1.95 -1.87 0.08 7.46 1530 70 1984 48.86 X X

1992 3.16 -1.56 1.60 13.48 1360 89 1984 47.82 2.88 -1.43 1.46 8.92 1360 89 1984 48.86 X X

1993 3.13 -1.28 1.85 15.33 1300 92 1984 47.82 2.74 -1.30 1.45 10.36 1375 89 1984 48.86 X X

1994 2.28 -1.72 0.56 15.89 1400 87 1984 47.82 2.19 -1.71 0.48 10.84 1425 85 1984 48.86 X X

1995 3.16 -1.97 1.19 17.08 1320 91 1984 47.82 3.05 -1.91 1.14 11.98 1325 91 1984 48.86 X X

1996 1.40 -1.81 -0.41 16.67 1660 39 1984 47.82 1.39 -1.81 -0.42 11.56 1630 48 1984 48.86 X

1997 2.66 -2.62 0.04 16.71 1500 75 1984 47.82 2.60 -2.81 -0.21 11.35 1620 51 2009 47.93 X X X

1998 2.50 -1.53 0.97 17.68 1350 90 1984 47.82 2.48 -1.70 0.78 12.14 1415 86 2009 47.93 X X X

1999 2.38 -2.21 0.17 17.85 1470 79 1984 47.82 2.38 -2.23 0.14 12.28 1460 81 2009 47.93 X X X

2000 3.38 -1.66 1.72 19.57 1250 93 1984 47.82 3.34 -1.75 1.59 13.87 1295 92 2009 47.93 X X X

2001 1.75 -1.97 -0.22 19.35 1560 64 1984 47.82 1.84 -1.92 -0.08 13.80 1515 73 2009 47.93 X X X

2002 2.41 -3.30 -0.89 18.46 1715 25 1984 47.82 2.38 -3.28 -0.90 12.89 1730 23 2009 47.93 X X X

2003 1.56 -2.72 -1.16 17.30 >1960 0 1984 47.82 1.60 -2.80 -1.20 11.70 >1957 0 2009 47.93 X X X

2004 1.97 -2.01 -0.04 17.26 1530 70 1984 47.82 1.99 -2.07 -0.07 11.62 1550 67 2009 47.93 X X X

2005 2.80 -1.70 1.10 18.36 1395 87 1984 47.82 2.92 -1.71 1.21 12.84 1390 88 2009 47.93 X X X

2006 1.75 -3.15 -1.40 16.96 1850 4 1984 47.82 1.74 -3.15 -1.40 11.43 1830 7 2009 47.93 X X

2007 3.09 -2.05 1.05 18.01 1320 91 1984 47.82 3.05 -2.07 0.98 12.42 1320 91 2009 47.93 X X

2008 3.01 -1.92 1.10 19.11 1325 91 1984 47.82 3.02 -1.92 1.11 13.52 1325 91 2009 47.93 X X

2009 2.20 -1.96 0.24 19.35 1465 80 2009 47.16 2.21 -1.95 0.26 13.78 1465 80 2009 47.93 X

2010 1.47 -2.27 -0.80 18.55 1770 14 2009 47.16 1.48 -2.26 -0.78 13.01 1760 17 2009 47.93 X

2011 1.86 -2.67 -0.81 17.74 1700 30 2009 47.93 1.86 -2.67 -0.81 12.20 1700 30 2009 47.93
2012 2.92 -1.61 1.31 19.04 1280 93 2013 46.61 2.92 -1.61 1.31 13.50 1280 93 2013 46.61
2013 2.45 -2.79 -0.33 18.71 1615 53 2013 46.61 2.45 -2.79 -0.33 13.17 1615 53 2013 46.61

Original mass balance series Homogenized mass balance series Homogen. with regard to
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4 Uncertainty 
4.1 Glaciological mass balance 
The accuracy of the glaciological mass balance measurements depends on several factors. 
There are three main sources of random and systematic errors in the glaciological 
method: the field measurements at point locations, the spatial averaging of these results 
over the entire glacier, and the changes of glacier in area and elevation (Zemp et al., 
2013). In the following, some elements that can influence the measuring result are 
described. 

4.1.1 Factors influencing uncertainty 

The winter balance measurements are principally composed of measurements of snow 
depth and snow density. 

Snow depth are mainly surveyed by soundings and often verified by stake readings and 
core drillings. The certainty of identifying the summer surface in each point by soundings 
is influenced of the snow depth, the snow density and the consistence of the summer 
surface. Great snow depths, high snow density and a soft summer surface will complicate 
the snow depth measurements. Sensing the summer surface by probing can then be very 
difficult, often resulting in overestimated snow depths. Stake readings are usually 
reliable, but errors can occur. Core drillings can be a proper method for measuring snow 
depth if probing is difficult or impossible. Generally, stake readings and core drillings are 
time-consuming, and hence these two methods are considered to be only a supplement to 
probing. 

The uncertainty of measuring snow density can generally be influenced by several 
factors. When using a coring auger the core diameter can vary and is therefore often 
difficult to determine. Weighing the snow will also represent an uncertainty. Using either 
an analogue spring scale or a digital scale, it is important that the scale is calibrated, 
unless a biased error will occur. Measuring only the upper part of the snow pack (often in 
winters with heavy snowfalls) and how representative the location is will always affect 
the snow density measurements. 

The quality of the winter balance measurements is also influenced of the density ratio of 
point measurements, where they are located, whether they are covering the entire glacier 
area and height intervals or not, and how representative they are. The smoothness of the 
snow layer will vary from glacier to glacier and from year to year. Hence, it is of great 
importance to define a proper measurement design for each glacier. 

The summer and annual mass balance measurements consist mainly of stake readings. 
The density of remaining snow in the autumn is exceptionally been measured. Although 
the implementation of stake readings is quite simple, errors can occur. Erroneous reading 
of the folding rule, mistakes of stake IDs, stakes sinking, tilting to one side or melting 
out, and highly extended towers are sources of errors. The density of remaining snow in 
the autumn is normally assumed to be 600 kg m-3. The density of melted firn was, 
depending on the age, usually assumed to be between 650 and 800 kg m−3, while the 
density of melted ice was always taken as 900 kg m−3. These assumptions can of course 
be some divergent from the truth. The accuracy of the summer balance is also affected of 
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the number of ablation stakes, the height distribution and how representative the stake 
locations are. 

4.1.2 Field point measurements 

Average snow depth on the glacier plateau is approximately 6 meters. In winters with 
heavy snowfalls 8-10 m can be measured, even up to 12 m was measured in some few 
extreme winters. Generally, the snow pack will be more solid with increasing snow depth. 
Probing through 10 m of snow can be difficult if the snow pack is solid. Verifying the 
summer surface, hence, is even more difficult. The summer surface will usually appear as 
a solid layer. After a cool summer often combined with a great amount of remaining 
snow, this layer can hardly be perceptible with the probe. Generally, with suchlike 
conditions the probe will often be penetrated through the summer surface layer. 
Consequently, when the snow depth is great, the snow pack is solid or the summer 
surface is indistinct, measured snow depth will typically be higher than the true value. 
These situations are not unusual at Nigardsbreen. Eight of the ten greatest winter balance 
years have occurred during the period 1984-2013. 

4.1.3 Spatial interpolation 

Accumulation 

The spatial distribution and the number of point measurements will also be a source for 
uncertainty. For Nigardsbreen the distribution and extend of snow measurements have 
varied through the investigation period. Generally, most snow depths on the plateau were 
measured in the central parts and along the border areas in south and west. Most of these 
areas are either north or east facing and ranging between 1500 and 1950 m a.s.l. (Fig. 2). 
The south facing areas in north and the height intervals below 1500 m altitude were 
sparsely covered of measurements. It is possible that this skewed distribution or lack of 
measurements can influence the result. 

The glaciological mass balance was measured and calculated following the direct 
glaciological method as described in Østrem and Brugman (1991). However, systematic 
errors in the field data surveying can at least be an important contribution to the great 
discrepancy. The in situ measurements were basically comprised of data acquisition of 
winter accumulation and summer ablation. Assessing the winter accumulation, or rather 
the winter balance, requires measurements of snow depth and snow density. The summer 
balance was generally based on stake readings. 

Ideally, measurements should cover the entire glacier intending represent all height 
intervals. Due to crevassed and steep glacier surface however, some areas are inaccessible 
regarding measurements. Hence, snow depths and ablation in the height intervals 1300-
1000 and 1000-600 m a.s.l. were not measured. Until 2009, snow depth was measured 
along fixed profiles on the plateau. Most of these profiles are oriented between northeast 
and southeast facing slopes. Accordingly, large areas between the southeast and south-
west facing slopes were not measured. Over the period 1964-2013, the ablation stakes 
have been located in approximately same positions from year to year. As well as the snow 
depth measurements, most of the ablation stakes on the plateau were located in the north-
east and southeast facing slopes. The DEM difference map 1984-2009 (Fig. 23) shows an 
elevation increase in the east facing areas in west and an elevation lowering in the south 
and west facing areas in east. The corresponding DEM difference map 2009-2013 (Fig. 
24) shows elevation lowering over the entire glacier surface. 



 

 48 

Whether the glacier thickness has increased or decreased is generally an impact of the 
snow depth and the ablation of snow, firn and ice. Increased thickness is a consequence of 
great snow depths or/and modest melting and vice versa. The DEM difference map in 
figure 30 was overlaid with the positions of snow depth and ablation measurements from 
2002, which was a representative year for the investigation period 1984-2009. The 
comparison indicated an over-representation of measurements in areas with mass surplus 
and, hence, an under-representation in areas with mass deficit. This picture is evident for 
most of the years in the period 1984-2009. Some years, however, the areas in north were 
well represented with snow depth measurements. Four years (1970, 1978, 1981 and 2009) 
with a reasonable distribution of measurements within the height interval 1700-1900 m 
a.s.l. were found and compared for the areas in southwest and north, respectively. 

The results are shown in figure 31. The winter balance in southwest exceeds the 
corresponding height intervals in north with 10-20 %. Consequently, snow depth 
measurements were over-represented in the snow-rich areas in southwest. A 
corresponding exercise for the summer balance did not show any significant differences 
between the two areas. 

Figure 30 
The DEM difference map 1984-2009 overlaid by the distribution of snow depth and ablation 
measurements in 2002, which is considered to be a representative year for the period 1984-2009. 
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Figure 31 
Comparison of mean winter balance for the areas in southwest and north (marked with ellipses in Fig. 
29) within the height interval 1700-1900 m a.s.l. for the years 1970, 1978, 1981 and 2009. The winter 
balance in the north areas are lower than for the southwest areas in all years. 

Ablation 

Ablation has been measured on varying number of stakes. Over the first 20 years period 
from 1962 to 1981, between 15 and 35 stakes on the plateau and approximately 10 stakes 
on the tongue were most often measured. From 1982, the stake net was reduced to 4-9 
stakes on the plateau and 0-2 stakes on the tongue. For the years 1985-1988, there were 
no ablation stakes below 1500 m a.s.l. From 1989, ablation stakes in 1000 m and 600 m 
altitude were established and from 1995 measurements of a stake in 1320 m altitude were 
started. These three stakes are quite important as they are crucial for plotting the balance 
curve and hence the balance values for the areas below 1500 m a.s.l. The stakes in 1000 
and 1320 m altitude are both located in rather flat areas and are not necessarily 
representative for the steep areas. The balance estimated for the stake in 1320 m altitude 
departs from the other stakes in some years. It seems like the balance value tends to be 
underestimated. 

The density of remaining snow in the autumn is exceptionally been measured. Over the 
period 1964-2013, the density was measured in eight years (1975, 76, 80, 83, 84, 87, 93 
and 2000) and the mean density for the remaining snow pack varied from 562 to 632 kg 
m-3 with an average of 597 kg m-3. Thus, density of remaining snow was estimated as 
600 kg m-3. This estimate was considered to be sufficient for this purpose. 

4.1.4 Glacier reference area changing over time 

The glacier surface is continuously changing, thus affecting the elevation of all 
measurements and the relationship between area and elevation used for spatial 
interpolation. The fact that DEMs are available at certain points in time only, introduce an 
uncertainty factor in the estimates of glaciological mass balance from reference glacier 
area-elevation functions. Large changes and few DEMs give the high uncertainties, while 
frequent sampling or constant change give smaller uncertainties. 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

1970 1978 1981 2009

w
in

te
r b

a
la

n
ce

 (m
 w

.e
.)

Mean winter balance between 1700 and 1900 m a.s.l.

southwest area north area



 

 50 

4.1.5 Quantification of uncertainty 

Limited data exist to quantify the uncertainty in glaciological mass balance 
measurements. An error budget was estimated based on expert opinion from two 
glaciologist, one responsible for the observations and one fairly independent of the 
measurements, considering the main factors assumed to influence the error budget. 

The uncertainty in the glaciological mass balance was estimated to be 0.32 m w.e. a-1. 
These were the contributing factors, all in in m w.e. a-1: 

ε.glac.point.a 0.26

probing to summer surface 0.15

stakes and towers 0.20

density snow 0.05

density firn 0.02

ε.glac.spatial.a 0.21

interpolation stakes (no. of stakes per 100 m in elevation) 0.15

interpolation probings (no. of probings per 100 m in elevation) 0.10

ice fall and crevassed area not measured 0.10

ε.glac.ref.a 0.06

ice divide 0.04

DEM 0.05

 

4.2 Geodetic mass balance 
The accuracy of the geodetic mass balance is influenced by the accuracy of the DEM’s, 
the density conversion factor and the correction required because the field and aerial 
surveys were not carried out on the same date. In the following, these three elements are 
described. 

4.2.1 Accuracy of the DEM’s 

The accuracy of the final DEM’s depends on the mapping method (aerial photographs or 
LIDAR), the DEM processing, the topography (steep or flat slopes) and the 
meteorological conditions (snow cover and clouds). All these elements are described in 
chapter 2.1. and a qualitative evaluation of the DEM’s is described in chapter 3.1.  

4.2.2 Density conversion factor 
The chosen density conversion factor (described in chapter 2.1.5.) was 850 kg m−3 with 
an uncertainty measure as ±60 kg m−3. Hence, the maximum/minimum estimates were 
790 and 910 kg m−3, respectively. 

4.2.3 Survey dates 

The adjustments for different survey dates are described in chapter 2.1.6.  
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4.2.4 Quantification of uncertainty 

The uncertainties for the geodetic mass balances were estimated as 0.16 m w.e. a-1 for 
1964-1984 and 0.08 m w.e. a-1 for 1984-2013. 

The uncertainties for the geodetic mass balances were estimated to be 

 0.16 m w.e. a-1 for 1964-1984 

 0.08 m w.e. a-1 for 1984-2013. 

These estimates were derived using the formula for error propagation, considering these 
uncertainties and the number of years between the mapping: 

 1964-DEM: 

o Acceptable standard error at 95% confidence level: 0.29 m. 

o Sensor uncertainty: 2.00 m (large glacier with low contrast photos, snow) 

 1984-DEM: 

o Acceptable standard error at 95% confidence level: 3.14 m. 

o Sensor uncertainty: 0.50 m (large glacier with high contrast photos, little 
snow) 

 2013-DEM: 

o Acceptable standard error at 95% confidence level: 0.10 m 

o Sensor-related uncertainty: 0.1 m (laser) 

Acceptable standard error at 95% confidence level was calculated from the standard 
deviation of elevation difference divided by the number of independent samples. The 
elevation differences were between the DEM and the reference DEM (which was 2013 
laser DEM) outside the glacier. 

The senor-related uncertainty was determined, by categorizing the sources of the DEMs 
into three categories with associated uncertainty levels: 

 Laser scanning: 0.1 m 

 Good aerial photos (small glacier or large with high contrast, little snow): 0.5 m 

 Poor aerial photos (large glacier with low contrast, snow): 2.0 m. 

4.3 Internal mass balance 
Internal and basal balances are not observed. Thus, these terms were calculated for this 
study using the methods described in Oerlemans (2013) and Alexander et al. (2011). 
Basal mass balance was included in the calculation of internal balance. Ablation inside 
and underneath the glacier due to heat of dissipation was calculated. Ablation due to rain 
was considered negligible, as most of this melting affects snow, firn and ice at the 
surface, rather than the subglacial and basal system. Other terms such as geothermal heat 
and refreezing of melt water below the previous summer’ surface were considered 
negligible. These factors are believed to be less influential in this climate. 
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Ablation due to heat of dissipation was calculated for each elevation interval used in 
surface mass balance for the given glacier. Melt by dissipation of energy, M, was 
calculated by the formula 

∑ ∗ ∗ ∗
∗

 

where g is the acceleration of gravity, h is mean elevation of elevation interval used in 
surface mass balance calculations, ph is precipitation at h, ah is glacier area of elevation 
interval h, bL is bed elevation at glacier snout, A is total glacier area and Lm is latent heat 
of fusion. Precipitation was defined as a linear function of elevation. Daily precipitation 
was extracted from data version 1.1.1 at www.senorge.no (Saloranta, 2014a and 2014b) at 
the highest elevation of the glacier, and the gradient was selected to give an annual 
precipitation 1.5 times the measured winter balance. 

The internal mass balance for Nigardsbreen was quantified as −0.16 m w.e. a-1. 

The uncertainty was assumed to be one third of the calculated internal mass balance, 
which amounts to 0.05 m w.e. a-1. 
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5 Comparison and calibration 
5.1 Comparison of glaciological and geodetic mass 

balances 
Results from the glaciological, geodetic and internal mass balance calculations as well as 
the uncertainties are shown in table 11. 

Table 11 
Results of the uncertainty analysis. B is (glaciological (B glac), geodetic (B geod) and internal (B int)) 
mass balance and σ is the estimated random error for the three balances. All mass balances and errors 
are in m w.e. a-1. ∆ is the difference between geodetic and glaciological balance, corrected for internal 
balance. 

period  years  B glac  σ.glac. 
point 

σ.glac. 
spatial 

σ.glac. 
ref 

B geod  σ.geod. 
DEM 

σ.dc  B int  σ.B. 
int 

Δ 

1964‐1984  20  0.04  0.26  0.21  0.06  0.14  0.16  0.01  −0.16  0.05  −0.26 

1984‐2013  29  0.33  0.26  0.21  0.06  −0.16  0.08  0.01  −0.16  0.05  0.32 

 
The results show moderate to large discrepancies for both periods; −0.26 m w.e. a−1 for 
1964-1984 and +0.32 m w.e. a−1 for 1984-2013. An opportune question is why the results 
for the two periods differ as much as 0.58 m w.e. Both the glaciological and the geodetic 
method have infirmity and inaccuracies in data surveying and calculation as described in 
chapter 2. The evaluations of the DEMs indicated some elevation errors, particularly in 
the 1984 DEM. The probable error in the 1984 DEM however, were lower than the 
acceptable standard error, and a vertical correction was not necessary. It was hence, 
supposed that the principal errors can be related to the glaciological mass balance record. 

5.2 Calibration 
Only the period 1984-2013 had a relative discrepancy above 1.96, which suggest the 
geodetic and glaciological series are different when uncertainties in both series are 
accounted for. Thus this series was calibrated. The first period (1964-1984) was not 
calibrated. Table 12 shows the results from the two tested periods. 

Table 12 
Comparison of glaciological and geodetic mass balances. ∆ (in m w.e. a-1) is the difference over the 
period of record between cumulative glaciological balance and geodetic balance, corrected for internal 
ablation. δ (dimensionless) is the reduced discrepancy, where uncertainties are accounted. β is the 
probability of accepting H0 although the results of both methods are different at the 95 % confidence 
level, while ε (in m w.e. a-1) is the limit for detection of bias. Bold is used to highlight periods with 
differences larger than 0.20 mm w.e. a-1 and reduced discrepancies larger than 1.96. 

Period ∆ δ H0 β ε 

1964-1984 −0.26 −1.41 yes 71 0.67 

1984-2013 0.32 2.81 No 20 0.42 

 

The annual periodic glaciological mass balance for Nigardsbreen 1984-2013 needed to be 
corrected with +0.32 m w.e. a−1. Whether the discrepancy is a result of a bias in winter or 
summer balance was not proved. Thus, corrections of both winter and summer balances 
were applied. The percentual distribution (winter vs. summer) of the annual corrections 
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can be done in several ways. In this calibration, the winter and summer corrections were 
assessed according to the size of the balance values; the greater balance value, the greater 
part of the correction. For instance, for the year 1996 the homogenized Bw and Bs were 
1.39 and −1.81 m w.e., respectively. The annual correction for the period 1984-2013 
(−0.32 m w.e.) was then distributed as 43 % ((1.39/(1.39+1.81))*100) to Bw, and 57 % 
((1.81/(1.39+1.81))*100) to Bs, resulting in calibrated Bw as 1.25 m w.e. (1.39+(0.32*43 
%)), and Bs as −1.99 m w.e. (−1.81+(0.32*57 %)). Winter, summer and annual balance 
curves for 1996 before and after the calibration are shown in figure 32. 

The original, homogenized and calibrated cumulative mass balance for Nigardsbreen over 
1962-2013 were +18.6, +13.2 and +3.8 m w.e., respectively. The calibrated mean annual 
balance values over 1962-2013 were 2.19 (Bw), −2.12 (Bs) and +0.07 m w.e. (Ba), 
respectively. The homogenized and original (in brackets) mean values over 1962-2013 
were 2.29 (2.38), −2.03 (−2.02) and 0.25 (0.36) m w.e., respectively. 

The calibrated mass balance series was significant positive (>0.30 m w.e.) in 21 years, 
significant negative (<0.30 m w.e.) in 19 years and approximately in balance in 12 years. 

Figure 32 
Winter, summer and annual balance curves in 1996 before (dotted) and after (solid) the calibration. 
Summer balance at each stake is also shown (○). 
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The Equilibrium-line altitude (ELA) and the Accumulation-area ratio (AAR) were also 
influenced by the calibration as they were calculated from the mass balance curves. From 
the homogenized to the calibrated mass balance series, the ELA over 1985-2013 was 
elevated between 30 and 110 m. Accordingly, the mean AAR over the same years was 
decreased from 65 % to 57 %. 

The homogenized and calibrated mass balance series for Nigardsbreen 1962-2013 is 
shown in table 13 and figure 33. 

Table 13 
Homogenized and calibrated mass balance series for Nigardsbreen over 1962-2013. 

Year Bw Bs Ba ∑Ba ELA AAR DEM Area Bw Bs Ba ∑Ba ELA AAR
1962 2.11 0.17 2.27 2.27 1295 92 1964 48.31 2.11 0.17 2.27 2.27 1295 92
1963 1.78 -1.96 -0.19 2.09 1550 66 1964 48.31 1.78 -1.96 -0.19 2.09 1550 66
1964 1.96 -1.19 0.76 2.85 1460 81 1964 48.31 1.96 -1.19 0.76 2.85 1460 81
1965 1.93 -1.17 0.76 3.61 1410 87 1964 48.31 1.93 -1.17 0.76 3.61 1410 87
1966 1.74 -2.69 -0.95 2.66 1695 30 1964 48.31 1.74 -2.69 -0.95 2.66 1695 30
1967 2.98 -1.18 1.80 4.46 1330 91 1964 48.31 2.98 -1.18 1.80 4.46 1330 91
1968 2.49 -2.41 0.09 4.54 1555 65 1964 48.31 2.49 -2.41 0.09 4.54 1555 65
1969 1.69 -3.14 -1.45 3.09 1890 1 1974 48.10 1.69 -3.14 -1.45 3.09 1890 1
1970 1.67 -2.30 -0.63 2.46 1655 41 1974 48.10 1.67 -2.30 -0.63 2.46 1655 41
1971 2.17 -1.31 0.85 3.32 1425 85 1974 48.10 2.17 -1.31 0.85 3.32 1425 85
1972 1.79 -2.02 -0.23 3.09 1595 57 1974 48.10 1.79 -2.02 -0.23 3.09 1595 57
1973 2.47 -1.41 1.06 4.15 1405 87 1974 48.10 2.47 -1.41 1.06 4.15 1405 87
1974 1.93 -1.72 0.21 4.36 1540 68 1974 48.10 1.93 -1.72 0.21 4.36 1540 68
1975 2.43 -2.41 0.02 4.38 1520 72 1974 48.10 2.43 -2.41 0.02 4.38 1520 72
1976 2.87 -2.44 0.44 4.82 1530 70 1974 48.10 2.87 -2.44 0.44 4.82 1530 70
1977 1.49 -2.33 -0.83 3.98 1670 37 1974 48.10 1.49 -2.33 -0.83 3.98 1670 37
1978 2.00 -2.24 -0.24 3.74 1610 53 1974 48.10 2.00 -2.24 -0.24 3.74 1610 53
1979 2.43 -2.10 0.34 4.08 1560 64 1984 48.86 2.43 -2.10 0.34 4.08 1560 64
1980 1.76 -3.03 -1.28 2.80 1735 22 1984 48.86 1.76 -3.03 -1.28 2.80 1735 22
1981 2.19 -1.98 0.21 3.02 1150 66 1984 48.86 2.19 -1.98 0.21 3.02 1150 66
1982 1.88 -2.30 -0.42 2.60 1615 52 1984 48.86 1.88 -2.30 -0.42 2.60 1615 52
1983 2.94 -2.03 0.91 3.51 1455 81 1984 48.86 2.94 -2.03 0.91 3.51 1455 81
1984 2.49 -2.30 0.19 3.70 1530 70 1984 48.86 2.49 -2.30 0.19 3.70 1530 70
1985 1.74 -2.21 -0.47 3.23 1655 42 1984 48.86 1.60 -2.39 -0.79 2.91 1690 31
1986 1.49 -1.78 -0.29 2.94 1615 52 1984 48.86 1.34 -1.95 -0.62 2.29 1645 44
1987 2.68 -1.46 1.22 4.16 1400 87 1984 48.86 2.47 -1.57 0.90 3.19 1460 81
1988 2.21 -3.18 -0.97 3.19 1680 35 1984 48.86 2.08 -3.37 -1.30 1.89 1720 25
1989 3.62 -0.87 2.75 5.93 1220 93 1984 48.86 3.36 -0.93 2.42 4.32 1280 92
1990 3.55 -2.10 1.44 7.38 1410 86 1984 48.86 3.34 -2.22 1.12 5.44 1450 82
1991 1.95 -1.87 0.08 7.46 1530 70 1984 48.86 1.79 -2.03 -0.24 5.20 1585 59
1992 2.88 -1.43 1.46 8.92 1360 89 1984 48.86 2.66 -1.53 1.13 6.33 1410 86
1993 2.74 -1.30 1.45 10.36 1375 89 1984 48.86 2.52 -1.40 1.12 7.45 1410 86
1994 2.19 -1.71 0.48 10.84 1425 85 1984 48.86 2.01 -1.85 0.15 7.60 1500 75
1995 3.05 -1.91 1.14 11.98 1325 91 1984 48.86 2.85 -2.03 0.82 8.42 1360 90
1996 1.39 -1.81 -0.42 11.56 1630 48 1984 48.86 1.25 -1.99 -0.74 7.68 1690 31
1997 2.60 -2.81 -0.21 11.35 1620 51 2009 47.93 2.45 -2.98 -0.53 7.15 1690 32
1998 2.48 -1.70 0.78 12.14 1415 86 2009 47.93 2.29 -1.83 0.46 7.61 1470 79
1999 2.38 -2.23 0.14 12.28 1460 81 2009 47.93 2.21 -2.39 -0.18 7.43 1570 63
2000 3.34 -1.75 1.59 13.87 1295 92 2009 47.93 3.13 -1.86 1.27 8.70 1325 91
2001 1.84 -1.92 -0.08 13.80 1515 73 2009 47.93 1.69 -2.09 -0.40 8.30 1600 56
2002 2.38 -3.28 -0.90 12.89 1730 23 2009 47.93 2.24 -3.47 -1.23 7.07 1800 11
2003 1.60 -2.80 -1.20 11.70 >1957 0 2009 47.93 1.49 -3.01 -1.52 5.55 >1957 0
2004 1.99 -2.07 -0.07 11.62 1550 67 2009 47.93 1.83 -2.23 -0.40 5.15 1610 54
2005 2.92 -1.71 1.21 12.84 1390 88 2009 47.93 2.72 -1.83 0.89 6.04 1430 84
2006 1.74 -3.15 -1.40 11.43 1830 7 2009 47.93 1.63 -3.36 -1.73 4.31 >1957 0
2007 3.05 -2.07 0.98 12.42 1320 91 2009 47.93 2.86 -2.20 0.66 4.97 1365 90
2008 3.02 -1.92 1.11 13.52 1325 91 2009 47.93 2.82 -2.04 0.78 5.76 1370 89
2009 2.21 -1.95 0.26 13.78 1465 80 2009 47.93 2.04 -2.10 -0.06 5.70 1525 71
2010 1.48 -2.26 -0.78 13.01 1760 17 2009 47.93 1.36 -2.46 -1.10 4.59 >1957 0
2011 1.86 -2.67 -0.81 12.20 1700 30 2009 47.93 1.72 -2.86 -1.13 3.46 1770 16
2012 2.92 -1.61 1.31 13.51 1280 93 2013 46.61 2.71 -1.73 0.98 4.45 1330 91
2013 2.45 -2.79 -0.33 13.18 1615 53 2013 46.61 2.30 -2.96 -0.65 3.79 1680 35

Homogenized mass balance series Calibrated mass balance series
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Figure 33 
Homogenized and calibrated mass balance series for Nigardsbreen 1962-2013. 

6 Conclusions 
The aim of this report was to re-analyse the glaciological mass balance series at Nigards-
breen based on comparison with the geodetic mass balance. The analysed glaciological 
mass balance series covers the period from 1962 to 2013. Within this period, usable 
Digital Elevation Models (DEMs) from 1964, 1984, 2009 and 2013 were available. 
Glaciological and geodetic mass balance were compared for the periods 1965-1984 and 
1985-2013. 

In order to obtain comparable values the glaciological and the geodetic mass balances 
were first reviewed, adjusted and homogenized. The homogenized glaciological mass 
balance series over the years 1965-1984 and 1985-2013 was +0.85 and +9.48 m w.e., 
respectively. The corresponding geodetic mass balance was +2.79 and −4.66 m w.e., 
respectively. The internal mass balance was quantified as −0.16 m w.e. a−1. Accordingly, 
the mean annual differences (Δa=Ba glac.−Ba geod.+Ba int.) over 1965-1984 and 1985-2013 
were −0.26 and +0.32 m w.e., respectively. Hence, a calibration for the period 1985-2013 
was required. For the first period (1965-1984) a calibration was not required. 

The periodic annual corrections were spread over both winter and summer balances. The 
percentual distribution between winter and summer balance corrections was assessed 
according to the size of the balance values. 

The homogenized (1962-2010) and calibrated (1985-2013) glaciological cumulative mass 
balance over 1962-2013 was +3.8 m w.e., while the original mass balance series over the 
same period was +18.6 m w.e. 
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