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Abstract
In recent decades, glaciers outside Greenland and Antarctica have shown increasingly rapid rates of mass loss and retreat 
of the ice front, which is associated with climatic and oceanic warming. Due to their maritime location, Icelandic glaciers 
are sensitive to short-term climate fluctuations and have shown rapid rates of retreat and mass loss over the last decade. 
In this study, historical maps (1941–1949) of the US Army Map Service (AMS series C762) and optical satellite imagery 
(Landsat 1, Landsat 5, Landsat 7, Landsat 8, and Sentinel-2) are used to study the Langjökull, Hofsjökull and Vatnajökull 
ice caps. By the help of the Normalized Difference Snow Index (NDSI), the glacier terminus fluctuations of the ice caps 
from 1973 to 2018 and the Equilibrium Line Altitude (ELA) from 1973 to 2018 are analyzed. The results are compared with 
climate data, especially with mean summer temperatures and winter precipitation. Due to the negative temperature gradi-
ent with increasing altitude, bivariate histograms are generated, showing the glaciated area per altitude zone and time, and 
providing a prediction of the future development until 2050 and beyond. The results indicate that Langjökull, Hofsjökull 
and Vatnajökull are retreating and advancing over the study period in correlation with the mean summer temperature, with 
a steady decrease over time being the clearest and most significant trend. The lower parts of the glaciers, thus, will probably 
disappear during the next decades. This behaviour is also evident by an exceptional increase of the ELA observed on all 
three glaciers, which leads to a reduction of the accumulation zone.

Keywords  Time series analysis · Glacier · Snow · Firn · Ice · Equilibrium Line Altitude (ELA) · Normalized Difference 
Snow Index (NDSI) · Climate change

Zusammenfassung
Isländische Gletscher aus dem All kartiert – eine Zeitreihenanalyse von 1941 bis 2018. Die globale Erwärmung bewirkte in 
den zurückliegenden Jahrzehnten bei fast allen Gletschern außerhalb der Antarktis und Grönland einen zunehmenden Mas-
senverlust und gleichzeitigen Rückzug der Gletscherzungen. Die Gletscher auf Island reagieren aufgrund ihrer maritimen 
Lage besonders sensitiv auf die Erwärmung der Ozeane sowie auf kurzzeitige Klimaschwankungen. In dieser Studie werden 
historische Karten aus den Jahren 1941 bis 1949 sowie optische Satellitenaufnahmen der Landsat- und Sentinel-Missionen 
seit 1973 evaluiert, um die zeitlichen Veränderungen der Eiskappen Langjökull, Hofsjökull und Vatnajökull zu erfassen, 
mit Klimaparametern abzugleichen und deren Entwicklung in den kommenden Jahrzehnten zu prognostizieren. Wichtige 
Größen sind dabei die flächenhafte Ausdehnung der Gletscher in Abhängigkeit von ihrer Höhe über dem Meer und die 
Höhe der Gleichgewichtslinie zwischen Ablations- und Akkumulationszonen (ELA). Die Analyse der Satellitenaufnahmen 
belegt, dass sich Schwankungen in den mittleren Sommertemperaturen unmittelbar auf die Gletschertermini auswirken und 
die Gletscher somit durchaus temporär wieder wachsen können, wenn auch der Gletscherrückzug mit der Zeit den stärksten 
Trend aufweist. Der extreme Anstieg der ELA über die zurückliegenden 45 Jahre stützt die Ergebnisse der Vorhersage: tiefer 
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Fig. 1   The three Icelandic glaciers under study: Hofsjökull, 
Langjökull, and Vatnajökull. The blueish lines indicate the variation 
of the Equilibrium Line from 1973 (dark blue) to 2016–2018 (tur-

quoise). The numbers denote profiles along which the change in the 
Equilibrium Line Altitude is assessed

liegende, meernahe Bereiche werden in den kommenden Jahrzehnten mit hoher Wahrscheinlichkeit komplett verschwinden. 
Die hier vorgestellte Methodik ist darauf ausgelegt, eine weitergehende Beobachtung – nicht nur – der Isländischen Gletscher 
mit Aufnahmen der Landsat- und Sentinel-Missionen zu ermöglichen. Die Einbeziehung von Radardaten ist angedacht.

1  Introduction

Glaciers and ice sheets cover about 11% of the Earth’s sur-
face. They serve as drinking water reservoirs and are the 
basis for hydroelectric power, especially in Iceland. Accord-
ing to the Intergovernmental Panel on Climate Change 
(IPCC) (Intergovernmental Panel 2021), glaciers are losing 
mass in response to the clear warming of the atmosphere 
and the oceans. This loss of mass has already contributed to 
the global rise of the mean sea level and will probably lead 
to a sea level rise of 1 m by the end of this century (Church 
et al. 2013). The global melting of glaciers can cause haz-
ards such as the release of ice-dammed water (the so-called 
Jökulhlaups as observed in New Zealand and Greenland in 
2007 as well as in Iceland in the year 2010) and ice ava-
lanches (Carrivick 2011). Recent studies on the mass bal-
ance of glaciers and their ice front positions outside Green-
land and Antarctica show that the rates of mass loss and 

retreat of the ice front have accelerated since the 1970s (Carr 
et al. 2014; Cogley 2009; Gardner et al. 2013; Jacob et al. 
2012; Marzeion et al. 2012). Due to their maritime loca-
tion, Iceland’s glaciers (cf. Fig. 1), in particular, are highly 
sensitive climate indicators and react immediately to short-
term (annual to decadal) climate fluctuations (Bradwell et al. 
2013; Sigursson et al. 2007). Studies dating from the last ten 
years have shown that Icelandic glaciers have experienced 
rapid rates of retreat of the ice front and mass loss (Björns-
son et al. 2013; Bradwell et al. 2013; Sigursson et al. 2007; 
Hannesdóttir et al. 2015). The mass balance of glaciers is a 
key variable that needs to be monitored for a better under-
standing of the interrelation between glaciers and climate. It 
is traditionally monitored using glaciological methods based 
on point, pit, and probe measurements. With the increasing 
availability of remote sensing data, the glacier mass balance 
can also be assessed by identifying the snowline on images 
taken at the end of the ablation season for each year, which 



275PFG (2021) 89:273–291	

1 3

can be considered as the equilibrium line (EL) for temperate 
zone glaciers (Paterson 1994).

At the end of a mass balance year, just before the first 
snowfall, the boundary between accumulation and abla-
tion zones becomes visible. The EL forms a balanced line 
between accumulation and ablation. Therefore, the altitude 
of the EL (ELA) is an important indicator for the local cli-
mate as well as an important feature of the glacier mass 
balance. Depending on the weather conditions, either the 
firn line (minimum firn height, marking the altitude of the 
long-term EL) or the transient snow line (minimum snow 
height, marking the ELA at the end of an ablation season) 
will be identified (Jaenicke et al. 2006). The end-of-season 
snowline height (SLA) is an indicator of the ELA of a gla-
cier and is often used to derive its mass balance. When the 
mass balance of a glacier is negative, i.e., ablation is higher 
than accumulation, the ELA increases. If the mass balance 
is positive, the ELA moves to lower altitudes (Kuhn 1981). 
In general, the growth and decay of glaciers assessed by the 
surface mass balance depend on climatic conditions. The 
analysis of glacier parameters such as area, surface zones 
and mass balance of Icelandic glaciers is, therefore, crucial 
to estimate the current period of atmospheric warming and 
the associated glacier retreat.

An early study of Iceland’s glaciers initially focused 
on glacier variations from 1930 to 1995 derived from the 
database of the Icelandic Glaciological Society published 
in 1998, which contains about 60 glaciers and glacier 
tongues (Sigursson 1998). Sigursson et al. (2007) gives a 
brief overview of available data on terminus fluctuations of 
Icelandic glaciers, since regular monitoring started in the 
1930s, and shows examples of how they reflect temporal 
variations in the climate of the island. During the twenti-
eth century, decadal temperature variations in Iceland had 
a significant influence on the variations of the glacier ter-
mini. A correlation between variations in the mass balance 
of the glacier and changes in summer temperatures was 
observed (Sigursson et al. 2007). For more than one cen-
tury, the World Glacier Monitoring Service (WGMS) World 
Glacier Inventory (1988) and its predecessor organizations 
have been collecting and disseminating standardized data 
on glacier fluctuations. In close cooperation with the U.S. 
National Snow and Ice Data Center (NSIDC) (2021) and 
the WGMS, the initiative Global Land Ice Measurements 
from Space (GLIMS) (Raup et al. 2007) was established to 
continue this inventory task with space-borne sensors. They 
have mapped all glaciers in Iceland in the period 1999–2004 
using satellite, map and aerial image data. The outlines of 
all glaciers were recorded, digitized on screen and added to 
a global glacier database. While in the past, optical remote 
sensing data were used exclusively to delineate the equilib-
rium line using spectral indices or band ratios, a synergy of 
optical and radar remote sensing data was recently used to 

monitor and evaluate the mass balance of the Mýrdalsjökull 
ice cap in Iceland (Jaenicke et al. 2006). Accurate Digital 
Elevation Models (DEM) of Icelandic ice caps were gener-
ated during the International Polar Year (IPY) 2007–2009 
and completed in 2012 using airborne LiDAR Data. Ice-
land’s main glaciers and ice caps, such as the Vatnajökull, 
Langjökull, Hofsjökull, Drangajökull, Snæfellsjökull, Eyjaf-
jallajökull and Mýrdalsjökull were surveyed (Jóhannesson 
et al. 2013). Using ice-front measurements, photographic 
and geomorphological evidence, the recent retreat of Virk-
isjökull–Falljökull, south-eastern Iceland, was examined 
(Bradwell et al. 2013). Hannesdóttir used multiple digital 
elevation models from glacial geomorphological features 
(including lateral and terminal moraines, trim lines and gla-
cier erratics), historical photographs, maps, aerial images, 
DGPS measurements, and a LiDAR survey to analyze area, 
volume and mass changes of the southeastern Vatnajökull 
ice cap from the Little Ice Age maximum in the late nine-
teenth century till 2010 (Hannesdóttir et al. 2015). The Ice-
landic Meteorological Service (Icelandic Met Office 2021) 
also maps the changes of the Hofsjökull and Drangajökull 
glaciers twice a year, in spring and autumn.

Various methods have been developed to identify gla-
cier dimensions from imagery. The detection of a clean gla-
cier surface is based on the spectral uniqueness of glacier 
ice in the visible and infrared part of the electromagnetic 
(EM) spectrum. According to Rees (2006), snow and ice 
are characterized by: (1) high reflectivity (albedo) in the 
visible wavelengths (0.4–0.7 μm); (2) medium reflectivity 
in the near-infrared (0.8–2.5 μm); (3) low reflectivity and 
high emissivity in the thermal infrared (2.5–14 μm); and (4) 
low absorption and high dispersion in the microwave sig-
nals. Single band ratios provided by optical sensor systems 
(Paul et al. 2002; Kääb et al. 2002; Bayr et al. 1994) such 
as the Normalized Difference Snow Index (NDSI) are fre-
quently applied means to detect and classify ice cover (Hall 
et al. 1995). The NDSI has proven to be a robust method 
(Hall et al. 1995; Racoviteanu et al. 2008; Sidjak 1999). 
In a recent study (Nagler et al. 2016), the advancements 
for snowmelt monitoring by means of Sentinel-1 synthetic 
aperture radar (SAR) were reported. While a major advan-
tage of the C-band SAR for snow mapping is its ability to 
penetrate clouds, its sensitivity to dry snow cover is rather 
limited. Therefore, a combination of optical sensors and 
SAR is recommended (Nagler et al. 2016). Nevertheless, 
Heilig et al. (2019) recently published an approach to derive 
the wet snow zone from time series of space-borne SAR sen-
sors exclusively. They identify the wet snow by its specular 
scattering, which reduces the measured backscattering inten-
sity to a minimum. The outlines of the wet snow zone at the 
end of the ablation period consequently define the EL. The 
intersection with a DEM leads to the ELA. Therefore, SAR 
data could be useful in the future. However, today’s archives 
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are often still too sparse and cover a too short period of time 
to derive climate-relevant information.

Long and continuous records of glacier fluctuations are 
an integral part of monitoring glaciers at a regional and 
global level. Unfortunately, sufficiently detailed records 
may be missing or at least incomplete in many places all 
over the world. Previous studies of Iceland’s glaciers have 
mainly focused on monitoring special glacier parameters 
and/or individual glaciers (Bradwell et al. 2013; Hannes-
dóttir et al. 2015; Björnsson et al. 2013; Jóhannesson et al. 
2013). Only a limited amount of extended time series analy-
ses have been carried out with their focus on glacier termini 
fluctuations and climate parameters. Hence, a prolonged 
time-series analysis of multiple glaciers in Iceland with the 
above-named focus is beneficial to assess the response of a 
glacier to climate change.

Therefore, the aim of the present work is to analyze the 
glacier fluctuations of Langjökull, Hofsjökull and Vat-
najökull over a long period from 1941 to 2018 and their 
possible relationship to climate parameters, as well as to 
determine the movement of the ELA between 1973 and 
2018 since remotely sensed image data have been available. 
We are well aware, that the height information needed for 
a distinct mass balance is drawn from a potentially outdated 
DEM. But, the frequent acquisition of high-resolution DEMs 
is very expensive, whereas the space-borne imaging systems 
used in this study provide a weekly to monthly coverage 
with high spatial resolution at no cost. Hence, one question 
will be, whether the study of the freely available satellite 
images—and thus, 2D information—might lead to compara-
ble results as the studies using cost-intensive height models 
and in situ data gathered during field campaigns.

2 � Iceland’s Glaciers

Iceland is a partly glaciated, volcanically active island in the 
North Atlantic, and lies just over 300 km east of Greenland, 
1000 km west of Norway and 800 km northwest of Scotland. 
Iceland has an area of 103,000 km2 , with glaciers cover-
ing about 11% of its land area. Vatnajökull, Langjökull and 
Hofsjökull represent the three largest ice caps of Iceland in 
descending order (cf. Fig. 1). The Vatnajökull ice cap par-
tially overlaps an active volcanic zone on its western half, 
whereas Langjökull and Hofsjökull lie completely within an 
active volcanic zone (Björnsson et al. 2003). The Grímsvötn 
volcanic system on western Vatnajökull is one of the volca-
noes in Iceland with the highest eruption frequency and the 
highest volcanic productivity (Thordarson and Larsen 2007).

Glaciers generally can be classified into surge-type and 
non-surge-type glaciers with regard to the reaction of the 
terminus to variations in mass balance. The terminus of a 
non-surge-type glacier will react predominantly to changes 

in the mass balance (Sigursson et al. 2007). Non-surging 
areas are in the southeastern part and the northwestern 
flank of Vatnajökull, the northern, western and eastern out-
lets of Langjökull as well as the northern part of Hofsjökull 
(Björnsson et al. 2013) (cf. Fig. 1). On the contrary, the 
terminus of a surge-type glacier retreats most of the time 
regardless of climate and mass balance. It only advances 
occasionally at a more or less regular interval of time 
(Björnsson et al. 2003). The reaction of the terminus of a 
surge-type composite glacier, coming from source areas with 
variable characteristics, can be influenced by factors other 
than the climate. Corresponding factors may be geothermal 
or volcanic activity, debris on the glacier surface and calv-
ing in a lake or the ocean. Surge-type glaciers occur almost 
exclusively as outlets of the major ice caps. However, several 
surge-type glaciers also exist outside of the major ice caps: 
three of them can be found in the mountains of north-central 
Iceland, for instance. On the Vatnajökull glacier, approxi-
mately 75% of its outlets are surge-affected. Surges tend to 
occur in the southern outlets of Langjökull and especially 
in the flat ablation areas of eastern Hofsjökull (cf. Fig. 1).

However, previous studies report on how the mass bal-
ance of glaciers can also control the frequency of surges 
(Harrison and Post 2003). A change in a glacier’s climate 
and mass balance could prevent glaciers that have surged in 
the past from accumulating mass to initiate further surges 
and thus, bring them out of the surge cycle (Hodgkins et al. 
1999; Hansen 2003; Malecki et al. 2012). Striberger et al. 
(2011) predict that the surging of Eyjabakkajökull (eastern 
Iceland) and similar surge-type outlet glaciers will no longer 
occur frequently in comparable areas due to reduced net 
mass inflow rates and the extension of the quiescent phase 
(the period of slow ow and/or stagnation for tens to hun-
dreds of years between surges) in a warming climate, and 
that Eyjabakkajökull, in particular, may eventually even fail 
to return to its active phase and possibly switch to a non-
surging mode. Sevestre and Benn (2015) suggest that the 
existence of climatic envelopes that favour surging implies 
that glaciers can change from “normal” to surge glaciers and 
vice versa under cooling or warming climatic conditions.

According to Björnsson and Pálsson (2008), Iceland’s 
glaciers are classified as “warm-based” or “temperate” 
and react actively to climate fluctuations. As temperate 
glaciers exhibit surging behaviours, it is assumed that the 
highest density of surge glaciers occurs in a relatively nar-
row climatic band limited by mean annual temperatures of 
about − 10° to 0° and mean annual precipitation of about 
200–2000 mm (Sevestre and Benn 2015). With its maritime 
cold temperate to low arctic climate and numerous temper-
ate glaciers, Iceland lies largely within this climate band. 
Surge-type glaciers in Iceland are both hard and soft bedded, 
overlay a variety of volcanic substrates and are located in 



277PFG (2021) 89:273–291	

1 3

regions that are exposed to a variety of climatic conditions 
(Björnsson et al. 2003).

Climate-related glacier changes in Iceland are driven by 
the elements of climate, e.g., temperature and precipitation 
(Meier 1965; Bradwell et al. 2013), although these depend 
on the topographic altitude and terrain (Einarsson 1984). In 
Iceland, several non-climatic factors may in some cases also 
influence the mass balance. Such factors can be sub-glacial 
geothermal or volcanic activity, debris on the glacier sur-
face, volcanic air fall (tephra) and iceberg calving into water 
bodies (Sigursson et al. 2007). While both summer tem-
peratures and winter precipitation vary, the long-term trend 
indicates an increase in both climate parameters (cf. Fig.  2). 
In recent years, from 1990 onwards, except for Vatnajökull 
in the last decade, an overall negative trend of glaciated area 
is detectable (cf. Figs. 3, 4).

3 � Data

3.1 � Historical Maps

Langjökull, Hofsjökull, and Vatnajökull are recorded on a 
total of 45 historical maps of the US Army Map Service 
(AMS series C762). The Danish General Staff (later Danish 
Geodetic Survey) has begun plane table mapping of Iceland 
including its glaciers in 1902 to establish a new triangula-
tion of the Reykjanes peninsula in the southwest (Bövarsson 
1996). Based on this early field survey, distance measure-
ments, and aerial photographs by the US Army Map Service 
(acquired between 1945 and 1946), the U.S. Department of 
Defense published several map series at different scales of 
Iceland, including the C762 series used in this study with 
full coverage on a scale of 1:50,000 in cooperation with 
the Iceland Geodetic Survey (Landmælingar Íslands). The 
maps are given in Transverse Mercator projection. The 
horizontal date refers to the Reykjavik astronomical station 
at 64◦ 8′ 31.88′′ northern of the equator and 21◦ 55′ 51.15′′ 
western of Greenwich. There are two coordinate grids with 
a spacing of 1 km plotted on the maps: the Icelandic grid (as 
described above) drawn in brown and the Universal Trans-
verse Mercator (UTM) grid (zone 27 N or 28 N) drawn in 
black. The maps were georeferenced via the coordinate grid 
and then digitized in preparation of this study.

3.2 � Satellite Images

A total of 58 multispectral remote sensing images, includ-
ing 48 Landsat (Landsat 2021) and 10 Sentinel-2 (Senti-
nel 2018) images, dating between 1973 and 2018, were 
obtained. Landsat imagery was acquired by Landsat  1 
Multispectral Scanner (MSS), Landsat 5 Thematic Mapper 
(TM), Landsat 7 Enhanced Thematic Mapper (ETM+) and 

Landsat 8 Optical Land Imager (OLI). Only images acquired 
towards the end of the ablation season (June–September) 
were used due to the minimum snow cover. Additionally, 
the area of interest had to be cloud-free. The Visible Green 
and Short Wave Infrared (SWIR) bands were used to calcu-
late the Normalized Difference Snow Index (NDSI). In the 
absence of SWIR channels, the near-infrared (NIR) band 
was used for Landsat 1 (cf. Table 2).

Sentinel-2 data was available in Level-2A and is, thus, 
delivered as bottom of atmosphere (BOA) reflectance 
imagery. Landsat data are provided as Level-1 data prod-
uct. The digital numbers (DN) of the Landsat images are 
therefore converted to top of atmosphere reflectance (TOA) 
first. Furthermore, the image-based atmospheric correction 
method DOS1 (Dark Object Subtraction) was applied. The 
remaining pre-processing included the projection to the 
same earth-fixed coordinate system UTM, which is essen-
tial for the inter-annual comparison. The pixel size of the 
Landsat 5 TM, Landsat 7 ETM+ and Landsat 8 OLI imagery 
corresponds to 30 m in this study. By contrast, Landsat 1 
MSS is provided in a spatial grid of 60 m and the Sentinel-2 
scenes possess a spatial sampling of 10 m in the Green and 
20 m in the short-wave infrared (SWIR) channel. To equalize 
the spatial resolution of all sensors, the Landsat MSS scenes 
are resampled to a uniform cell size of 30 m using the near-
est neighbour resampling method (United States Geological 
1980). The Sentinel-2 scenes are subsampled to 30 m pixel 
size after low-pass filtering. Landsat 7 ETM+ data are also 
included in this study dating from before and after May 31, 
2003, i.e., the Scan Line Correction (SLC) outage. The SLC 
failure produces a zig-zag pattern of void pixels perpendicu-
lar to the satellite ground track, thus an amount of around 
22% of the scene is lost. To bridge the SLC-off data gaps, 
the data can either be merged from multiple exposures or 
interpolated from neighbouring pixels (United States Geo-
logical 2003). Since Iceland generally is covered by only a 
few cloudless scenes per year, any available image informa-
tion, though perforated, is valuable. The satellite imagery for 
our study hence were mosaicked from multiple acquisitions 
within one month.

Due to the clear distinction of snow and ice from rock 
and soil by their spectral reflectance properties, glaciated 
surfaces can be extracted quite reliably using optical satellite 
imagery except for debris or tephra covered zones (Paul et al. 
2004). For instance, open ice shows a high degree of reflec-
tion in the visible range (0.4–0.7 μm) and medium to low 
reflectance in the near- and short-wave infrared (0.7–2.5 μm)  
(Renaud et al. 2009). In this work, the Normalized Differ-
ence Snow Index (NDSI) is used to derive the glaciated area, 
which is the difference between the Green band and SWIR 
band in relation to the sum of both (cf. Eq. 1). Since dif-
ferent satellites and sensors are used, the input channels of 
the NDSI will be adjusted accordingly (cf. Table 2). For 
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Landsat 1, thus, the SWIR must be replaced by NIR for 
the lack of short wave infrared bands. The alternative NDSI 
(aNDSI) composes of the difference of Green and NIR (near-
infrared) divided by their sum (cf. Eq. 1). The values of the 
resulting output images range in-between [−1,+1] , i.e., a 
closed value range is produced for both snow indices by

According to the typical spectra of snow and rock derived 
from Appendix Fig. 8 and listed in Table 1, the NDSI allows 
for a clear distinction of both land cover classes: 0.81 for 
snow vs. − 0.11 for rock. The class distinction based on the 
aNDSI (Eq. 1) only shows a difference of 0.24 compared 
to 0.92 in the case of the NDSI. With respect to the end of 
the summer, the border area between glacier and rock is 
dominated by firn or upper glacier ice instead of snow. For 
these two classes, the distinction capability rises to 0.32 in 
the case of rock and firn and even 0.58 for glacier ice and 
firn. Only dirty glacier ice, e.g., a tephra covered glacier, 
has lower values similar to snow (cf. Appendix Fig. 8). In 
summary, the distinction of glaciated areas from bare rock 
is possible with aNDSI, though the known NDSI would 
promise clearer results. A threshold-based method was used 
to distinguish snow- or ice-covered from snow- or ice-free 
areas (cf. Table 1). In both indices, the land cover class rock 
is characterized by negative values around − 0.1 whereas 
glaciated areas are expected to have values above 0.1, which 
results in a difference of at least 0.2. As the expected values 

(1)
NDSI =

Green − SWIR

Green + SWIR
, and aNDSI =

Green − NIR

Green + NIR
.

of aNDSI and the traditional NDSI as well as the chan-
nel’s bandwidths slightly differ from sensor to sensor (cf. 
Table 1), the threshold has to be adapted as listed in Table 2.

3.3 � Digital Elevation Models

The ArcticDEM provides the terrain height for the com-
plete landmass of Iceland. ArcticDEM is an initiative of the 
National Science Foundation (NSF) and the National Geo-
spatial-Intelligence Agency (NGA) for the automatic gen-
eration of high-resolution, digital surface models (DSM) of 
the Arctic. In this study, it is utilized to analyze the glaciated 
area by elevation zone as well as the ELA. The data is gen-
erated based on optical DigitalGlobe track and cross-track 
images with high resolution (approximately 0.5 m ground 
sampling distance (GSD)) (Porter et al. 2018). The eleva-
tion data obtained corresponds to a GSD of 2 m and was 
created in 2018.

The acquisition technique (e.g., LiDAR, SAR, terrestrial 
photogrammetry) is known to have a major influence on 
the estimated elevation. The height of LiDAR, for instance, 
reproduces the height of the scattering center in the visible 
or near-infrared bands (depending on the utilized sensor) 
for single-point measurements. SAR interferometry models 
the height of the phase center in the respective microwave 
band in relation to the neighbouring pixels. Photogrammetry 
delivers the height of visible objects that can be detected 
and assigned to each other in separated images taken in the 
visible range of the EM spectrum. The DEMs derived from 
these methods can differ considerably (Paul et al. 2017), 
which complicates any multi-sensor analysis. As there is 
no consistent DEM timeline available for Iceland, we focus 
on DEM-independent detection methods based on georefer-
enced satellite imagery. Only the retrieved glacier outlines 
and ELs are finally interpreted by the help of the ArcticDEM 
described above being well aware that glaciers typically 
show certain temporal variations in height. As the highest 
resolution in vertical dimension required for our study is 
about 100 m (cf. Sect. 4.2), the influence of changing heights 
is more or less negligible, though a minimal impact cannot 
be denied.

Table 1   Expected reflectance in the green, near-infrared (NIR), and 
short-wave infrared (SWIR) bands, normalized difference snow index 
(NDSI) and alternative normalized difference snow index (aNDSI) 
values according to Fig. 8 in the appendix (European Space Agency 
2020)

Land cover class Green (%) NIR (%) SWIR (%) aNDSI NDSI

Snow 98 72 10 0.15 0.81
Rock 42 50 52 − 0.09 − 0.11
Firn 74 46 – 0.23 –
Glacier Ice 70 24 – 0.49 –
Dirty Glacier Ice 22 16 – 0.16 –

Table 2   Comparison of bands 
(number, name and wavelength 
in [μm]) used for the calculation 
of the normalized difference 
snow index (NDSI) and 
the alternative normalized 
difference snow index (aNDSI)

The acceptance range defines the thresholds used for the binary classification of glaciated areas

Sensor No. Band Wavelength 
[μm]

No. Band Wavelength 
[μm]

Acceptance 
[μm]

Landsat 1 4 Green 0.5–0.6 7 NIR 0.8–1.1 [0.015, 0.370]
Landsat 5 2 Green 0.52–0.60 5 SWIR 1.55–1.75 [0.35, 1.00]
Landsat 7 2 Green 0.52–0.60 5 SWIR 1.55–1.75 [0.51, 1.00]
Landsat 8 3 Green 0.533–0.590 6 SWIR 1.566–1.651 [0.41, 1.00]
Sentinel-2 3 Green 0.537–0.582 11 SWIR 1.539–1.681 [0.40, 1.00]
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3.4 � Meteorological Data

The Icelandic Meteorological Office provides climatic data 
from various measuring stations and periods. The Stykk-
ishólmur measuring station has the longest and most uni-
form measurement records in Iceland, dating back to 1845. 
It is a manned synoptic station, located in the southwest of 
Iceland ( 65◦ 4′ 27′′N, 22◦ 44′ 2′′W ) at 13 m above sea-level 
[27]. The climate tables provide information on monthly 
and annual rainfall, minimum and maximum temperatures, 
wind speed, cloud cover, barometric pressure, and several 
statistical averages. The data obtained were used to calcu-
late the mean summer air temperatures (June–September), 
the total amount of precipitation in winter (October–April) 
as well as other climatic parameters (cf. Fig. 6). The month 
of May resembles the transition period from accumulation 
to ablation season and therefore, is omitted. Data recorded 
at the Stykkishólmur measurement station in western Ice-
land are used for various glaciological studies all over 
Iceland: Glacier termini variations of Mýrdalsjökull ice 
cap (southern Iceland) and Hyrningsjökull outlet glacier 
from the Snæfellsjökull ice cap (western Iceland) were 
compared to summer temperature data of Stykkishólmur 
measurement station (Sigursson et  al. 2007). Mackin-
tosh et al. (2002) modeled Holocene glacier fluctuations 
of Sólheimajökull (an outlet glacier in southern Iceland) 
and plotted ELA reconstructions for the twentieth century 
against temperature and precipitation records of Stykk-
ishólmur measuring station. The recorded mean summer 
temperature and the total winter precipitation for the inves-
tigation period are plotted in Fig. 2. For every decade, a 
linear regression was estimated and added to the yearly 
values. Grey lines do not pass the Mann–Kendall test with 
a confidence level of 90%. Though several increases and 
decreases are observable, the long-term trend is upwards 
both for summer temperature and winter precipitation.

4 � Methodology

The investigation period is defined from 1941 until 2018. In 
principle, solar radiation and air temperature in summer, as 
well as, precipitation in winter are known to be important 
indicators for the interpretation of glacier changes in Ice-
land, whereby the mean summer temperature is considered 
the most essential parameter (Sigursson et al. 2007). Hence, 
the intra-annual study period is set to June–September. The 
analysis starts with the detection of glaciated areas in order 
to generate multi-temporal glacier masks. These are vector-
ized to derive the glacier outline for the years under study. 
From the cleaned outlines the glaciated area can be calcu-
lated for the different years and then plotted together. To 
quantitatively assess the relationship between glacier termini 
fluctuations and climate parameters, the glaciated area of 
each glacier per year is calculated. Since the elevation is 
assumed to play a key role as well, multivariate histograms 
are produced, which reflect the glaciated area by time and 
elevation. The quantitative assessment of the height depend-
ency is performed by the correlation with several climate 
parameters. A regression is applied in order to describe the 
glacier change analytically. The prediction by three different 
models tries to forecast the glacier retreat in the coming dec-
ades. Finally, the rise of the ELA is considered to confirm 
the conclusion drawn from the analyses described above.

4.1 � Glaciated Area

To further elaborate the glacier outlines, the glacier masks 
derived from the aNDSI images are converted to vector data. 
This is followed by the manual post-processing of the Skeið
arárjökull glacier tongue (southern Vatnajökull), which is 
hard to detect automatically due to Tephra deposits. Accord-
ingly, all files are checked visually before further processing 
and edited manually by on-screen-delineation (Hall et al. 
1992; Williams et al. 1997; Paul et al. 2002), if necessary. 

Fig. 2   Mean summer tempera-
ture and total winter precipita-
tion in Stykkishólmur since 
1949 with linear fitting lines 
for each decade. Significant 
trends—according to the Mann–
Kendall test with a confidence 
level of 90%—are plotted in 
colours, presumably random 
trends in Grey
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The vectorized outlines are superimposed on the satellite 
image optical scenes of each year (cf. Fig. 3). The contrast 
of the respective satellite images is increased by a local his-
togram stretch to distinguish the glacier boundary from the 
bare soil. Subsequently, the surface areas of the individual 
segments are calculated. Non-glacier segments are elimi-
nated by removing areas smaller than 31 km2 . This thresh-
old was chosen because Hvítárvatn, located in the Icelandic 
highlands (east of Langjökull) and being the largest lake in 
the study area, covers an area of 30 km2 . The variation of 
the total glaciated area is plotted in Fig. 4 for each glacier 
under study. Decadal linear trends are estimated as well as a 
quadratic regression over the whole time frame.

4.2 � Glaciated Area by Elevation

It is reported from studies on glaciers in the French Alps 
that the altitude and aspect of glaciers have an influence on 
their behaviour in the face of climate change (Rabatel et al. 
2013). However, the mathematical relationships are not that 
easy to assess. Due to the availability of the ArcticDEM, 
we decided to additionally take the height into account by 
creating a bivariate histogram of glaciated area per eleva-
tion zone and time. The steps in ellipsoidal height are set to 
100 m for stability reasons. Hence, temporal height changes 
play a minor to a negligible role in this study. The temporal 
sampling is adapted to the availability of satellite images as 
described in Sect. 4.1. This kind of presentation illustrates 
the dependence of the glacier retreat from the elevation zone 
over time (cf. Fig. 5).

4.3 � Correlation with Climate Parameters

The multi-temporal extents, i.e., the glaciated surface area 
per year and elevation zone of the three glaciers under study 
(derived according to Sect. 4.1) are then correlated with 
time, the respective climate parameters like mean tempera-
ture, total precipitation, air pressure, cloud cover, and wind 
speed for the ablation (June–September) and the accumula-
tion (October–April) season separately as well as with the 
annual total sunshine hours (cf. Sect. 3.4). As the glacier 
outlines are derived at the end of the ablation season, the 
climate parameters are aggregated over the preceding win-
ter and the related summer months. The significance of the 
correlation coefficient with a confidence level of 90% was 
estimated by the help of the student distribution according 
to Obilor and Amadi (2018).

4.4 � Regression of Glaciated Area

The mean change of the glaciated area per elevation zone is 
estimated via a least-square robust adjustment using a linear 
model. Concerning the decadal trends observed in the mete-
orological data (cf. Fig. 2), the trend is analyzed separately 
for each decade after 1990, as a sufficient number of images 
have been available since then. The significance of the 
observed trends is estimated by the help of the Mann–Ken-
dall test with a confidence level of 90%. Additionally, the 
total trend over the whole time frame is taken into account: 
Fig. 4 depicts a square gradient, and Tables 3, 4, 5 lists the 
derived linear gradients in the last column.

Fig. 3   Glaciated area change over time (blue-tones) for the three glaciers under study
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4.5 � Prediction of Glaciated Area

From the trends observed over the whole time period, future 
behaviour can be estimated with a measurable uncertainty. 

The linear model is utilized to provide a prediction for each 
elevation zone under study (cf. Fig. 7). To consider other 
mathematical models as well, the linear model from Fig. 7 
and the quadratic model from Fig. 2 are completed with an 

Fig. 4   Glaciated area change over time for the three glaciers under 
study (dotted in black) with decadal linear trends (solid in pink) and 
a quadratic regression over the whole time span (dashed in turquoise). 
Non-significant trends (only before 1990 for the lack of sufficient 

image acquisitions) are greyed out. The overall negative trends from 
1990 on—except for Vatnajökull during the last decade—are clearly 
visible

Fig. 5   The distribution of the glaciated area (vertical axis) according 
to the elevation zone (horizontal axis) and time (cf. colour bar) for the 
three glaciers under study: Hofsjökull, Langjökull, and Vatnajökull. 

The ArcticDEM is used to display the glacier boundaries from Fig. 3 
according to their elevation
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exponential model. These models are applied to the total 
glaciated surface area exclusively for stability reasons. The 
respective degree of determinism—similar to the correlation 
coefficient introduced above—and the standard deviation of 
the prediction are reported to describe the goodness of fit. 
Finally, the glaciated area is predicted for the coming dec-
ades with the upper and lower limit of the 90% confidence 
interval in Table 6.

4.6 � Equilibrium Line Altitude

The ELA is estimated via the snowline on images recorded 
at the end of the ablation season along with selected profiles. 
The NDSI is used to derive the glaciated areas for 1973 (all 
three glaciers), 2016 (Langjökull), 2017 (Vatnajökull) and 
2018 (Hofsjökull). To derive the accurate boundary of the 
accumulation (snow) and ablation (ice) zones, a maximum 
likelihood classification (Bronge and Bronge 1999) was car-
ried out. The classes snow, firn/ice, and tephra cover can be 
differentiated (Dozier 1989) due to their spectral properties 
(cf. Table 1). Since the tephra-covered areas lie exclusively 
within the ablation zone, those areas can be merged with the 
firn/ice class. The equilibrium line altitudes are then calcu-
lated by the intersection of the end-of-summer snowline with 
the ArcticDEM along the profiles drawn in Fig. 1.

5 � Results

The meteorological data are illustrated in Fig. 2. It highlights 
the mean summer temperature and total winter precipitation 
in Stykkishólmur since 1949. A slight increase in the mean 
summer air temperatures can be noted. The graph highlights 
certain peaks and lows, whereby the lows are noted at the 
beginning of the study period, i.e., 1973 with 8.45 °C mean 
summer air temperature, and the peaks in the more recent 
years, i.e., 2010 with 11.08 °C, 2014 with 10.63 °C or 2016 
with 10.35 °C. Regarding the total winter precipitation, a 
slight increase from the 1940s to now can be detected as 
well. The early 1990s—especially 1991 and 1993—high-
light the years under study with the highest observed win-
ter precipitation. The winter precipitation is declining with 
the lowest precipitation in winter 1998/99. An increase in 
temperatures is contrasted with a slightly wetter winter in 
the following year. This, in particular, can be observed in 
Fig. 2, 2007/2008, 2010/2011, 2014/2015 and 2016/2017. 
The opposite can be detected in 2009/2010, 2011/2012 and 
2015/2016.

5.1 � Glaciated Area

In Figs. 3, 4, the area changes of the Langjökull glacier 
from 1941 until 2018 are depicted. The glacier is evidently 
changing steadily, meaning it is growing and shrinking 
over time. From a long-term view, however, there is a 
decline in the glacier surface area. The Hofsjökull gla-
cier has its maximum extent on its north-eastern side 
around 1993. On its north and northwestern flank, the 
glacier experienced its largest expansion in 1986. A gen-
eral retreat of the glacier from the turn of the millennium 
on can be detected. Vatnajökull shows a strong decline in 
the first decade of the new millennium after a decade of 
relative stability in the 1990s. Since 2010, the glaciated 
surface is increasing again.

All three plots indicate that the increasing mean sum-
mer temperature (cf. Fig. 2) is related to a stronger nega-
tive gradient of the glaciated area. Heavy short-term fluc-
tuations in the mean summer temperature evoke a direct 
response of the glaciated surface (cf. Figs. 2, 4) from 2008 
on. However, constant temperatures do not automatically 
lead to a steady glaciated area (cf. Figs.2, 4 from 1991 
until 2002). As indicated by Figs. 2,  4, a decrease of the 
glaciated surface area can also be observed in years of 
lower temperatures. The diagrams in Fig. 4 only depict 
the total surface of the respective glaciers. The parameter 
elevation, which is known to have a significant influence 
(Raup et al. 2007), is not yet considered.

5.2 � Glaciated Area by Elevation

The multivariate histograms in Fig. 5 show the glaci-
ated area over time as a function of the height sampled 
in 100 m bins. The yellow polygon marks the expan-
sion that results from the newest satellite image, i.e., 
Langjökull from 2016, Vatnajökull from 2017 and 
Hofsjökull from 2018. With respect to the Langjökull 
in Fig.  5 the glacier regions above 1300 m show no 
decrease whereas the lower parts are subject to a highly 
variable extension over time. At an elevation of 500 m, 
the largest extent is reached in 1950 (blue). At 750 m, 
the maximum is reached around 1990. The temporal 
signature of Hofsjökull’s glaciated area exhibits even 
more variation. There are peaks around 1990 at 900 m, 
around 1985 at 1100 m, and around 1950 at 1400 m.  
A local maximum is reached around 2005 at 1100 m.  
Regions above 1500 m again show no temporal variation. 
In contrast to that, the area of Vatnajökull in Fig. 5 reveals 
high fluctuations across all levels. The maximum variation 
can be found at 1400 m. The glaciated area on this level 
reduces from 1100 km2 in 1950 to only 600 km2 in 2017. 
The local minimum at 1400 m elevation around 2005 is 
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only partly visible in the figure and coincides with a phase 
of higher volcanic activity at the Grímsvötn system within 
the Vatnajökull ice cap in 2004 (Larsen 2002; Thordarson 
and Larsen 2007).

5.3 � Correlation with Climate Parameters

To transfer the observations by time to the climate param-
eters, the glaciated area by elevation zone is correlated with 
the measurements at Stykkishólmur station. Fig. 6 illustrates 
the derived Pearson correlation coefficients: blue for nega-
tive and red for positive correlation, grey indicates a non-
significant correlation. The elevation zones form columns, 
the selected climate parameters are displayed in rows. The 
decrease with time explored in the preceding section is con-
firmed for lower elevation zones on all three glaciers, cf. blue 
boxes in the first row of Fig. 6. This correlates almost equally 
strong with the mean winter and even more with the mean 
summer temperature. Only Vatnajökull shows a different 
behaviour: exclusively the elevation zones between 700 m  
and 1200 m show a negative correlation with the mean 
summer temperature. The same elevation zones are subject 
to a decrease with increasing summer precipitation. This 
interrelation can also be observed on Langjökull and Hofs-
jökull. They also show a slight negative, but significant, cor-
relation with the air pressure in summer. Another negative 
influence is registered for sunshine hours. Cloud cover, in 
contrast, has a positive effect both in winter and in summer. 
The most surprising correlation is the dependence of the 
glaciated area on the mean winter wind speed at both Hof-
sjökull and Langjökull for all altitude zones below 1400 m.  
Concerning Vatnajökull, this behaviour is only significant 

between 800 m and 1000 m. Vatnajökull surprises with a 
positive correlation to the mean summer temperature, sum-
mer precipitation, and air pressure in summer in-between 
1500 m and 1900 m in elevation. Other positive trends are 
recorded for winter cloud cover on the lowest parts of the 
glacier and summer wind speed for the elevation zone of 
1800 m. In comparison, the correlations observed at the ele-
vation zones covered by all three glaciers (i.e., 700–1500 m)  
are very similar.

5.4 � Regression of Glaciated Area

The decadal trends of the glaciated surface area, according 
to the trends estimated from the summer temperature and the 
winter precipitation, are shown in Tables 3, 4, 5. For Hofs-
jökull in Table 3, the elevation zones above 1500 m do not 
show any significant trend. Regarding the latest time span 
2010–2018, it is even assured that there is no observable 
trend. For the whole period 1950–2018, the elevation zones 
above 1200 m record only negligible trends. By contrast, 
the zones from 900 m to 1200 m are characterized by high 
variability with an increase from 1950 to 1990 and from 
2010 to 2018 and a decrease in all other time spans. Lower 
elevation zones show a steady decrease with its maximum in 
the first decade of the new century with a loss of 122 ha per 
year, which equals − 0.57%. In sum, a significant negative 
trend can be stated for all elevation zones below 1200 m that 
reaches almost − 1% per year.

The glaciated area of Langjökull has a similar pattern. 
Table 4 lists only minor to negligible trends ( < 6 ha ) for 
elevation zones above 1200 m except for the period between 
1990–2000, when a decrease of 12 ha was recorded. In this 

Fig. 6   Correlation of the glaciated area in different elevation zones 
and selected climate parameters. Only significant correlations accord-
ing to a 90% confidence intervall are depicted in colours. Non-sig-

nificant correlations are grey. Unavailable information due to smaller 
vertical extension of the respective ice cap is symbolized by the white 
background
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period of time the elevation zones between 800 m and 1100 m  
are subject to an extreme decrease of more than 1 km2 per year.  
The subsequent decade 2000–2010 shows a slight increase 
for the elevation zones 1000 m to 1200 m, but overall, the 
steady decrease is dominant. Elevation zones below 900 
m show a consistent decrease, whereby the lowest value is 
− 0.74 km2 per year from 2000 on.

With view to Vatnajökull in Table 5, the large vertical 
extent of the ice cap from almost sea level to 2200 m is 
noticeable. The change values are higher because of the 
larger area covered by Vatnajökull. Therefore, the rela-
tive changes are also listed. In contrast to the preceding 
two examples, Vatnajökull is characterized by a high vari-
ability over almost all elevation zones. Only zones below 
300 m show a steady decrease reaching 4.5% in the decade 
1990–2000 and even 5.8% in the first decade of the new 
century. Regarding the whole study period, minor or non-
significant positive trends are only observed for elevation 
zones between 600 and 700 m and above 2000 m. All other 
zones show a decrease of at least 1‰ per year, increasing to 
1.2% towards the lowest parts of the glaciers.

5.5 � Prediction of Glaciated Area

Figure 7 shows the applied linear regression with the predic-
tion per elevation zone. Obviously, the lower parts of each 
glacier will disappear or reduce extremely in the coming 
decades. Since short-term fluctuations—as visible for the 
time span under study—are not considered in the prediction 
model, the predicted decrease is linear until the respective 
elevation zone is completely ice-free.

To verify the suitability of the regression model, 
other models are also taken into account. The parameters 
derived from linear, quadratic and exponential models 
are used to predict the change in total glacier area up to 
the year 2100 (cf. Table 6). The best-fitting model for 
Hofsjökull is the exponential model with a determinism 
coefficient of almost 80% and a standard deviation of 
30 km2 . It only slightly excels the linear model displayed 
in Fig. 7. With respect to Langjökull, the quadratic model 
delivers the most reliable predication with a certainty of 
more than 80% and only 22 km2 standard deviation. But, 

Table 3   Adjusted increase 
or decrease in hectares (left 
number) or per thousand (right 
number) per year for different 
levels and over varying time 
spans for Hofsjökull 

Gradients that did not pass the Mann–Kendall test with a confidence level of 90% are 
greyed out

Table 4   Adjusted increase or 
decrease in hectares (left num-
ber) or per thousand (right num-
ber) per year for different levels 
and over varying time spans for 
Langjökull

Gradients that did not pass the Mann–Kendall test with a confidence level of 90% are 
greyed out
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it predicts that the glacier will have disappeared until 
2100. In the optimal case, it only reduces to a remaining 
size of 254 km2 according to this model. Although the 
quadratic model delivers the best results for Vatnajökull, 
the goodness of fit is similar over all three models.

Accepting that the median of the three predictions 
listed in Table 6 is the most likely case, we can state a 
size of only 338 km2 for Hofsjökull in the year 2100, i.e., 
only 40% of its current extent. Langjökull will reduce to 
700 km2 , which still equals 80% of the present extent. Vat-
najökull, although highly variable in time, could recede to 

Table 5   Adjusted increase 
or decrease in hectares (left 
number) or per thousand (right 
number) per year for different 
levels and over varying time 
spans for Vatnajökull 

Gradients that did not pass the Mann–Kendall test with a confidence level of 90% are greyed out

Fig. 7   Temporal change of glaciated areas per elevation zone from 1949 until 2018 (saturated colours) including a linear prediction (leach-out 
colours) for three further decades based on the whole time frame under study
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6279 km2 , which is also about 80% of its current size. The 
most negative model for the glaciers predicts a complete 
disappearance of Hofsjökull and Langjökull and a reduc-
tion of Vatnajökull to 6% compared to its extent in 2017.

5.6 � Equilibrium Line Altitude

The EL for 1973 is shown in dark blue, while the most recent 
EL (Langökull 2016; Hofsjökull 2018; Vatnajökull 2017) is 
shown in turquoise. The ELA measured along selected outlet 
glaciers are shown in Table 7 (i.e., “L1”: glacier Langjökull, 
profile 1). The accumulation area decreased significantly on 
all three glaciers. Thus, the mean increase over this period is 
more than 200 m on all three glaciers studied and the minimal 
increase varies from 38 m to 111 m. The maximum increase 
starts at 360 m and reaches 592 m in the case of Vatnajökull.

6 � Discussion

6.1 � Glaciated Area

To derive the glacier outlines, the definition of a thresh-
old value is required above which a pixel is classified as 

“snow” or “ice”, respectively. This step must be done care-
fully to prevent an over- or underestimation of the snow- 
and ice-covered surface. The threshold value differs across 
the selection of sensors. The lower threshold values used 
for extracting the glacier bodies range between 0.35 and 
0.51 for the Landsat 5, 7, 8 and Sentinel-2 images. The 
values are close to those reported in the literature for the 
NDSI, namely between 0.25 and 0.45 (Hall et al. 1995). 
Only the threshold range of aNDSI derived from the Land-
sat 1 images differs slightly [0.015 − 0.370] as expected (cf. 
Sect. 4.1). One difficulty here is to set a suitable accept-
ance range instead of only a lower threshold value, which 
completely includes the Skeiðarárjökull outlet glacier in 
the South of Vatnajökull. This glacier is partially covered 
with tephra layers (pyroclastic sediment) since this glacier 
is located near an active volcano. The glacier sites over-
laid with tephra layers are not well recognized by spectral 
indices. Due to their spectral properties, tephra can be 
mistaken for rock or soil. They are therefore not included 
in the glacier mask. There are different ways to derive 
such covered glaciers. One approach follows the method 
of combining band ratios (Landsat 5 TM bands 3, 4 and 
5) and the use of a slope map (Paul et al. 2004). Since 
the Skeiðarárjökull glacier tongue is very shallow, the 

Table 6   Prediction of glaciated area for the three glaciers under study until 2100 according to three regression models: linear, quadratic, and 
exponential with the respective 90% confidence bounds. Predicted values lower than zero are listed as zero for reasons of plausibility

Linear Quadratic Exponential

fit r = 76% s = 31km2 r = 72%    s = 33km2 r = 77% s = 30km2 Hofsjökull
2020 741 798 854 730 795 860 747 801 855
2030 681 740 799 640 719 799 696 751 806
2040 621 683 745 525 630 735 648 704 760
2050 560 625 691 387 527 667 602 660 718
2075 404 482 559 0 211 476 502 562 622
2100 247 338 429 0 0 248 416 478 539
fit r = 49% s = 35km2 r = 81%    s = 22km2 r = 45% s = 36km2 Langjökull
2020 816 884 952 796 842 887 817 886 956
2030 790 861 932 715 772 830 794 866 938
2040 762 838 913 613 690 767 770 845 920
2050 734 815 896 492 595 699 747 825 904
2075 661 758 854 110 304 499 689 778 866
2100 586 700 815 0 0 254 634 733 831
fit r = 62% s = 178km2 r = 65% s = 171km2 r = 62% s = 179km2 Vatnajökull
2020 7317 7678 8038 7195 7585 7974 7325 7686 8046
2030 7123 7503 7882 6750 7261 7772 7146 7522 7897
2040 6924 7328 7732 6180 6884 7587 6968 7361 7755
2050 6720 7153 7586 5493 6451 7410 6791 7204 7618
2075 6196 6716 7236 3305 5133 6961 6357 6827 7296
2100 5658 6279 6899 473 3476 6478 5942 6469 6995
year min mean max min mean max min mean max
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derivation by a combination of a Digital Elevation Model 
(DEM) and satellite data, is not possible. Therefore, a suf-
ficiently large threshold is chosen that includes both the 
glaciers as well as the Skeiðarárjökull outlet glacier.

Figure 4 shows the changes of the glaciated surface area 
over time for the three glaciers studied with decadal linear 
trends and a quadratic regression over the entire time span. 
Non-significant trends are greyed out. Langjökull, Hofs-
jökull, and Vatnajökull cover—according to historical maps 
from the 1940s—an area of 985 km2 , 952 km2 and 8280 km2 
respectively. While both Langjökull and Hofsjökull show 
a retreat in the years 1941–1973, Vatnajökull even seems 
to grow slightly. The average summer temperatures show a 
negative trend in the same period. While winter precipitation 
indicates quite high amounts, especially in the period from 
1949 to 1960, snowfall amounts decrease in the following 
decade until 1972 (cf. Fig. 2).

In contrast to Langjökull and Hofsjökull, where a slight 
glacier growth is observed between 1973 and 1986, Vatna-
jökull stagnates for almost ten years. However, in the follow-
ing years, a general glacier retreat can also be observed at 
Vatnajökull. Although total winter precipitation and summer 
temperatures continue to increase linearly, strong negative 
outliers are observed, especially with regard to summer tem-
peratures. In the following years, the positive temperature 
trend continues. Langjökull and Hofsjökull simultaneously 

lost glaciated areas of a significant amount until 1991. Par-
ticularly for Hofsjökull, a glacier area loss of almost 100 km2 
is recorded. Both Hofsjökull and Langjökull increase in size 
during the period 1991–1993 (cf. Fig 4). In parallel, sig-
nificantly lower summer temperatures, with a decrease of 
about 1 °C compared to previous years, and increased snow-
fall were recorded at the Stykkishólmur Weather Station. 
Over the next decades, until 2018, all three glaciers show 
an overall negative trend in terms of glaciated area. In those 
years, a clear positive trend can also be seen with regard 
to the average summer temperatures. With regard to winter 
precipitation, increased snow amounts are indicated, but sig-
nificant outliers are also evident (cf. Fig 2). In 2000 the gla-
ciated area of the ice cap of Langjökull is 926 km2 , the area 
of Hofsjökull is 894 km2 and Vatnajökull covers an area of 
8108 km2 . Björnsson and Pálsson (2008) determine for the 
glaciated area of Langjökull in the 2000s 900 km2 , for the 
area of Hofsjökull 890 km2 and Vatnajökull 8100 km2 , which 
equals a deviation from our estimation of less than 3% in the 
case of Langjökull and even less than 1% in the case of Hof-
sjökull and Vatnajökull. The negative trend in glacier area 
continues, especially at Langjökull and Hofsjökull, but also 
at Vatnajökull until 2018. At Vatnajökull, however, there is 
also a recognizable and significant increase in the glaciated 
area from 2014 to 2015. Pálsson et al. (2015), studied the 
variation in mass balance at Vatnajökull 2014–2015, noting 

Table 7   Multi-temporal ELA 
[m] based on the ArcticDEM of 
the three glaciers under study 
evaluated along several profiles 
according to Fig. 1 and its 
minimum, mean, and maximum 
increase from 1973 (first 
satellite images by Landsat 1) 
until today

Langjökull Hofsjökull Vatnajökull

Profile 1973–2016 1973–2018 1973–2017

1 837.7 1099.4 1198.8 1346.2 968.5 1171.4
2 872.0 1074.4 918.0 1165.3 992.6 1195.5
3 966.8 1089.0 1056.3 1109.6 926.7 1093.4
4 883.2 1185.9 1065.6 1103.7 1093.6 1608.5
5 1009.4 1120.0 955.0 1189.0 713.5 1305.4
6 935.5 1114.2 939.7 1151.2 933.8 1110.4
7 1042.8 1277.4 1017.1 1318.3 893.3 1051.6
8 957.5 1115.6 1007.7 1199.9 895.8 1030.0
9 809.5 1203.9 949.3 1279.9 951.6 1092.8
10 860.9 1189.2 1083.3 1294.0 1070.0 1172.1
11 1029.6 1389.9 1126.9 1239.8
12 1264.6 1317.1
13 1252.0 1399.7
14 1292.5 1501.8
15 1185.7 1391.4
16 1007.5 1190.8
17 975.3 1158.1
Increase Min 110.6 38.1 52.5

Mean 229.4 211.5 205.0
Max 394.4 360.3 591.8
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that the 2014–2015 glacier year is the first in two decades 
with positive mass balance for the glacier.

6.2 � Glaciated Area by Elevation

The area change at both Hofsjökull and Langjökull occurs 
exclusively at elevations below 1300 m (cf. Fig. 5). Lower 
elevations (<  1300  m at Hofsjökull and <  1100  m at 
Langjökull) show a high variation over time, while higher 
elevations show no variation at all. Though the slight 
increase (in green) is visible, the trend indicates a steady 
decrease, cf. the chronological order of blue, green, and 
orange at the left edge in Fig. 5.

The distribution of glaciated areas according to the eleva-
tion zone is quite different for Vatnajökull in comparison to 
the other glaciers under study. Fig. 5 shows a vast decrease 
at elevations around 1400 m and a significant increase at 
elevations around 1600 m around the year 1990. Hence, all 
elevation zones are subject to high variations. Only a few 
parts of the glacier exceeding 2000 m in elevation remain 
relatively constant. The main reason for the observed varia-
tion at higher elevation is the volcanic activity causing ash 
and tephra cover, so that the underlying ice is no longer vis-
ible for remote sensors.

6.3 � Correlation with Climate Parameters

The correlation analysis of the glaciated area in different 
elevation zones and the respective climate parameters such 
as mean temperature, total precipitation, air pressure, cloud 
cover, and wind speed for summer (June–September) and 
winter (October–April) based on the Stykkishólmur weather 
station is provided in Fig. 6. The analysis indicates espe-
cially on Langjökull and Hofsjökull but also on Vatnajökull 
an exceptionally high correlation of glacier growth with an 
increased winter wind speed. Colder summer as well as win-
ter temperatures, more clouds in summer and thus fewer 
hours of sunshine also correspond with increased glacier 
growth. It should be noted that the Stykkishólmur measur-
ing station is neither close to the three observed glaciers (cf. 
Fig. 1), nor is the difference in altitude taken into account. 
Therefore, it is quite possible that climate parameters might 
differ locally from the ones measured at Stykkishólmur. Nev-
ertheless, the meteorological measurements used here are 
the best available ones for the region of interest (cf. Sect. 3).

6.4 � Regression of Glaciated Area

The decadal trends of the glaciated area by elevation confirm 
the trends estimated from summer temperature and winter 
precipitation (Tables  3, 4,  5). They indicate constant exten-
sion at higher altitudes, but continuous shrinkage at lower 
elevations. Vatnajökull is the only glacier characterized 

by several positive trends in higher regions, which can be 
referred to volcanic activities in the first decade of the new 
century. Nevertheless, the total glaciated surface area is also 
shrinking (cf. Fig. 7).

6.5 � Prediction of Glaciated Area

The estimated long-term development is depicted in Fig. 7. 
For this purpose, three models, linear, quadratic, and expo-
nential, are being tested with expectation value and upper 
and lower 90% limits. The quadratic model delivers the most 
reliable prediction with a certainty of more than 80% and 
only 22 km2 standard deviation for Langjökull. The largest 
extension is reached in 1993 (cf. Fig. 4). The higher parts of 
the glacier are quite stable except for two years around 2010. 
Glaciated areas below 500 m have already almost disap-
peared. The areas between 500 and 1000 m are continuously 
shrinking.

For Hofsjökull, the exponential model with a certainty of 
almost 80% and a standard deviation of 30 km is considered 
the most appropriate. The expansion at higher altitudes is 
constant, but a continuous shrinkage at lower altitudes has 
been demonstrated. Two local peaks of maximum expansion 
can be observed in the 1980s and 1990s, and a local mini-
mum in 2010, resulting from a decrease in all altitude zones 
below 1500 m. This is remarkable because most deviations 
are only observed in lower regions so far.

All tested models fit equally well for Vatnajökull. Numer-
ous local extrema can be observed since the 1980s. These 
variations can be referred to several volcanic eruptions in 
recent years. At second glance, an interesting detail is addi-
tionally depicted: The glaciated areas below 1000 m are 
shrinking and the areas above 1500 m do not change, i.e. 
only the areas between 1000 m and 1500 m, cf. the turquoise 
polygon in Fig. 7, are expanding. Unfortunately, this detail 
cannot be explained in a satisfactory manner based on the 
present data set and has to be followed in future studies.

6.6 � Equilibrium Line Altitude

Additional information on the ELA variations between 
1973 and 2018 are gathered using selected profiles as seen 
in Fig.1. The ELA of the Langjökull migrates significantly 
higher between 1973 and 2016. The largest retreat on 
Langjökull outlet-glaciers is noted along the profiles “L1”, 
“L4”, “L9”, and “L10” (Fig.1 and Table 7). These have with-
drawn by more than 30% in comparison to their previous 
location in 1973. An extraordinary fluctuation is noted on 
profile “L9”, which moved close to 400 m higher. This cor-
responds to a retreat of rounded 50% from 2016 to 1973. 
Hofsjökull’s ELA is observed between 1973 and 2018. On 
its outlet glaciers, located at “H9” and “H11”, the ELA has 
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withdrawn the furthest (Fig. 1 and Table 7). Profile “H11”, 
which corresponds to Hofsjökull’s northwestern flank, has 
retreated more than 360 m during the investigation period 
(Table 7).

On the Vatnajökull glacier, the ELA is evaluated between 
1973 and 2017. Particularly striking is the ELA along profile 
“V4” and even more along “V5” (Fig. 1 and Table 7). At 
the latter location, “V5”, the ELA has increased by 592 m.  
On average, the ELA at Vatnajökull retreats by 205 m 
(Table 7). Björnsson and Pálsson report an ELA fluctua-
tion from 200 m–300 m during the study period 1992–2007 
(Björnsson and Pálsson 2008). Guðmundsson et al. (2017) 
studied changes of Breiðamerkurjökull, south-eastern Vat-
najökull, from its late nineteenth-century maximum to the 
present. They reported an estimated ELA in the 1890s of 
between 850 m–950 m. The location of Breiðamerkurjökull 
corresponds to profile “V6” in this study, where an ELA of 
934 m in 1973 was assessed.

7 � Conclusion

Based on Landsat 1, 5, 7, 8 and Sentinel-2 imagery from 
1973 to 2018 as well as data obtained from historical maps 
from the 1940s, we compared glacier termini fluctuations 
of the Langjökull, Hofsjökull and Vatnajökull glaciers in 
Iceland to registered climate parameters. All three ice caps 
retreated during the investigation period with a particularly 
sharp decline since the turn of the millennium. Since the 
1940s, the Langjökull glacier has decreased by more than 
100 km2 , the Hofsjökull over 115 km2 and the Vatnajökull 
over 430 km2 . Area changes at Langjökull glacier exclu-
sively occur at elevations below 1300 m . Lower elevations 
are characterized by a high variation over time, but indicat-
ing a steady decrease, whereas glaciated areas below 500 m 
have already almost disappeared. This steady decline can 
also be seen at the Hofsjökull glacier. A retreat is gener-
ally detectable at the Vatnajökull, but the distribution of the 
glaciated areas according to the elevation zone additionally 
depends on local impacts such as volcanic activities. The 
analysis of climate data for Iceland indicates that ice-frontal 
advance can be associated with an increased wind speed in 
winter, colder summers as well as lower winter tempera-
tures, more clouds in summer and therefore fewer sunshine 
hours. To estimate a long-term development, three models 
(linear, quadratic and exponential) are tested with the expec-
tation (mean) value as well as upper and lower boundaries. 
At Langjökull, glaciated areas below 500 m have already 
almost disappeared, and at Hofsjökull, the extension at 
higher elevations is constant, but a continuous shrinking at 
lower elevations is proven. With respect to the coming years, 
the steady retreat is most likely (cf. Fig. 7). ELA variations 

on several outlet-glaciers of Langjökull, Hofsjökull and Vat-
najökull were assessed, by obtaining imagery at the end of 
mass-balance years 1973 and 2016/17/18. The ELA migrates 
significantly higher on all surveyed outlet-glaciers.

This study highlights not only the need to place observa-
tions of contemporary glacier changes in a broader, longer-
term context, but also the great use of remote sensing data 
for continuous monitoring of ice caps and glaciers. The 
results could be further improved by the use of satellite 
data with higher spatial and temporal resolution. On-site 
measurements could possibly monitor the tephra-covered 
glacier tongues with the highest precision to include small 
and overshadowed glacier parts. Optical remote sensing is 
limited in terms of cloud cover and solar illumination, which 
both impede the use of optical satellite images over Iceland. 
Radar remote sensing would have the possibility to penetrate 
clouds and to operate independently from sunlight, but, the 
sensitivity to dry snow cover is rather limited. Therefore, a 
synergy of optical sensors and radar systems is needed for 
a comprehensive glacier observation as stated in literature 
(Nagler et al. 2016). Though the results derived from 2D 
image data coincide very well with the locally evaluated 
mass balances, the temporal change of height still is one 
key information to be included in future studies to assess 
the mass balance of glaciers with high spatial and temporal 
resolution.

Appendix

See Appendix Fig. 8.

Fig. 8   Reflectance spectra of snow, firn, glacier ice, and rock (Euro-
pean Space Agency 2020)
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