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1. Introduction 
  

World’s glaciers excluding Greenland and Antarctic ice sheets cover an area over 700 000 km2 

(RGI consortium, 2017) which holds ice mass that converts approximately to 0.32 meters of 

potential sea-level-rise (Farinotti et al., 2019). Based on projections, these glaciers in polar and 

high mountain areas will lose substantial amount of their mass in high confidence by the year 

2100 (IPCC Special report on the Ocean and Cryosphere in changing climate, 2019). Estimated 

mass loss from these glaciers and ice caps show 27 ± 22 mm contribution to sea-level rise from 

1961-2016, an amount equal to the recent ice loss from Greenland ice sheet, yet these estimates 

still hold large uncertainty (Zemp et al., 2019). For better mass change estimates, observational 

gaps should be closed and temporal range increased together with reducing observational 

uncertainties in single glacier and regional level. This work is most important in the areas of 

greatest mass loss presently and in the future (Zemp et al., 2019; IPCC Special report on the 

Ocean and Cryosphere in changing climate, 2019).  

 

Greenland’s peripheral glaciers and ice caps (GICs) excluding the ice sheet accounts for 12,7% 

of the global GICs (RGI Consortium, 2017) and lost 0.08 ± 0.03 mm yr-1 sea-level equivalent 

between 2003-2008, a contribution up to 10% of the sea level rise of global GICs (Bolch et al., 

2013). However, elevation change studies covering whole Greenland’s GICs are limited to 

satellite altimetry (Bolch et al., 2013) and gravimetry studies (Gardner et al., 2013) and thus, on 

the 21st century. Bolch et al. (2013) quantified variation in mass changes on Greenland’s GICs 

between regions, but their results were found likely underestimated in West-Central Greenland 

(Huber et al., 2020) which highlights the need for detailed regional estimates. On certain regions 

such as in West-Central Greenland, surge events may show opposing signal to adjacent glaciers 

as the glacier flow on surge phases are altered by internal mechanisms (Sevestre & Benn, 2015; 

Yde & Knudsen, 2007). Randolph Glacier Inventory (RGI), a global inventory of glaciers, 

includes classification to probability of surging based on studies but large portion remains 

unknown (RGI Consortium, 2017). Improved distinction between surging and non-surging 

glaciers in the inventories would therefore ease to account for the surge events in glacier change 

studies.  

 

 



  2 

Systematic aerial mapping missions in the arctic were originally conducted for survey and 

topographical mapping and reach as far back as 1930s (Bjørk et al., 2012; Nuth et al., 2007). 

Afterwards, aerial photographs have been found useful for example, in mapping past glacier 

extents (Bjørk et al., 2012), studies of ice flow (Dowdeswell & Collin, 1990) and surging glaciers 

(Dowdeswell & Benham, 2003). Increased computing power and automated image matching 

techniques implemented with Structure-from-Motion (SfM) algorithms have enabled the creation 

of digital elevation models and orthophotomosaics from ordinary photographs (Westoby et al., 

2012) and photographs from mapping cameras (Child et al., 2021). DEM differencing and 

obtaining geodetic mass balance from the volume change is well established method for 

estimating glacier mass change (Paul et al., 2015). Thus, reprocessing historical aerial 

photographs to DEM and orthophoto datasets can extend the temporal range of geodetic mass 

balance records by decades. Reconstructed dataset may be used together with more recent DEMs 

in local glacier change assessment (Khan et al., 2014; von Albedyll et al, 2018) or, if the dataset 

covers a larger region such as the AeroDEM (Korsgaard et al., 2016), in regional analysis (Huber 

et al., 2020; Kjeldsen et al., 2015) or as a part of global (Zemp et al., 2019) glacier change 

estimation. In addition to increased temporal resolution of geodetic MB records, potential surging 

may be identified from the data processed from historical imagery (King et al., 2020) as it is more 

likely for the active phase of a surge to fall within the prolonged observation period. Therefore, 

historical imagery may help to quantify previously unidentified surge glaciers and improve the 

occurrence of surging in glacier inventories. 

 

In this study, 320 historical aerial photographs from 1953-1954 from Nuussuaq peninsula in 

western Greenland were scanned and processed photogrammetrically to produce a DEM and 

orthophotomosaic. The historical dataset was compared with 1985 data of AeroDEM and a DEM 

derived from 2016 SPOT satellite imagery. The historical dataset expands the temporal resolution 

on the study area to more than 60 years, providing extended view of the past glacier surface 

elevations in the study area. The study had several objectives: 1) Create new DEM dataset from 

historical photographs representing the 1953-1954 surface and assess area and volumetric 

changes from 1953 to 1985 and 2016. 2) Observe for previously unidentified glacier advances 

and their possible relation to surging. 3) Explore applicability of Open Global Glacier Model 

(OGGM) to model past and future mass balance in small regional setting.  
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2. Theoretical background 
2.1 Mass balance 
Mass balance (MB) describes whether a glacier is accumulating or melting mass. It is therefore a 

fundamental measure whether glaciers are growing or shrinking and widely used as a climate 

proxy (Zemp et al., 2009). Total mass balance can be divided to surface, englacial and basal mass 

balance terms of which surface mass balance (SMB) is the most dominant. Snowfall, avalanche 

deposition and refreezing of meltwater are positive terms accumulating mass to the glacier 

surface. Melting has negative effect on mass and sublimation and wind deposition may be either 

positive or negative. In addition, calving is negative term on tidewater glaciers. Snowfall and melt 

are the two most important terms affecting SMB (Cuffey & Paterson, 2010). Elevation controls 

snow accumulation but redistribution by wind and topographic controls create variation to snow 

accumulation (Machguth et al., 2006; McGrath et al., 2018). Also, melting is not equally strong 

in all parts of the glacier and thus, mass balance varies in different parts of the glacier. Areas 

where snow accumulation surpasses melting and the net accumulation over time is positive is 

known as accumulation zone (Figure 1). The accumulation zone can be further divided to 1) dry 

snow zone, where no melting occurs, 2) percolation zone, where meltwater from the snow surface 

penetrates into the snowpack, 3) wet snow zone, where the snowpack reaches melting 

temperature. The lower boundary also marks the snow line. 4) superimposed ice zone, which is 

the exposed part of continuous ice mass formed by refreezing at the base of the snowpack (Müller, 

1962).  

 

Below the lower boundary of superimposed ice is the ablation zone where the net accumulation 

is negative. Equilibrium line altitude (ELA) is the altitude between accumulation and ablation 

zone where the net accumulation is zero (Cuffey & Paterson, 2010). Mass balance varies greatly 

over the seasons and the balance year may be split to winter and summer season. Winter season 

is dominated by mass accumulation while ablation is prevalent at summer season. The place and 

timing of these two seasons vary in different parts of the glacier depending mostly on altitude but 

also other factors such as shading (Cuffey & Paterson, 2010). Temperature has large effect on 

SMB in several ways: presence of meltwater is more likely if temperature increases, precipitation 

is more likely to reach glacier surface as rain, and the surface is exposed to melting temperatures 

for prolonged period if mean temperature rises (Cuffey & Paterson, 2010). The geodetic and 

glaciological measurements show that since at least the mid-20th century, the summer season has 

had the most effect in the global glacier retreat, whereas winter season does not show as clear 

global trend and its effect to mass changes is more regional (Zemp et al., 2015).  
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Figure 1. The zones in a glacier. Accumulation zone consists of different zones which can be 

classified by the snow properties. No melt occurs in the dry snow zone. Meltwater percolates into 

the snowpack in percolation zone whereas the snow reaches melting temperature in the wet snow 

zone. Superimposed ice is formed by extensive refreezing at the base of the snowpack and forms 

the superimposed ice zone if exposed. Ablation area is the zone where melt occurs and is 

separated by the equilibrium line from accumulation zone. Figure after Cuffey & Paterson (2010) 

and Benn & Evans (2014). 

 

Snow on the glacier surface forms a layer of variable density and thickness where firn (multiyear 

snow) turns to glacier ice when the passage ways of air or water are sealed-off under the weight 

of accumulated snow (Cuffey & Paterson, 2010). Firn forms an important layer which retains 

meltwater runoff when percolating water is stored in firn aquifers or refreezes in the pore spaces 

in the firn and thus, controlling the mass loss (Forster et al., 2014). The ability of firn to buffer 

meltwater flow may be exhausted due to complete filling of pore spaces or formation of 

continuous ice layers within the firn which prevent meltwater percolation deeper (Machguth et 

al., 2016). Due to the varying thickness and density of firn and changes in firn density profile with 

changing mass balance, a single constant value should not be used when converting volume to 

ice mass. Instead, a conversion factor of 850 ± 60 kg m-3 is found appropriate when observation 
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period is longer than 5 years, MB gradients are stable, firn area is present and volume changes 

significantly differ from zero (Huss, 2013). 

 

Surface albedo describes the ratio of incoming solar radiation reflected from a surface. On 

glaciers, freshly fallen snow has the highest albedo, decreasing towards dirty ice (Cuffey & 

Paterson, 2010). Increased snow grain size decreases albedo which allows more of the solar 

radiation to absorb into the snowpack (Warren, 1982). Greater amount of energy may then 

accelerate further melt, creating strengthening feedback effect. Besides changes in snow and ice 

composition, black carbon and dust decrease both snow and ice albedo (Qu et al., 2014) and on 

bare ice, surface ice algae can have the largest effect on reducing albedo (Stibal et al., 2017). A 

study conducted in Melville Bay area in Greenland showed solar radiation providing the main 

source of melt energy and that more of the meltwater was generated within the surface ice layers 

than at the glacier surface due to absorption of solar radiation into the ice (Van As, 2011). The 

albedo feedback effect is extensive on the Greenland ice sheet (Box et al., 2012) and may lead to 

further darkening of the ice sheet (Tedesco et al., 2016). On mountain glaciers, especially the 

lower areas are prone to stronger albedo feedback effect with longer ablation season, rising 

snowline and decreasing bare-ice albedo (Naegeli & Huss, 2017). Summer snowfall over the 

ablation area can strongly suppress melting due to added mass and increased albedo (Oerlemans 

& Klok, 2004).  

 

The glacier’s response to changes in climate is reflected as changes in the MB. The time for the 

glacier to reach most of the adjustment under the changed MB, the response time, varies by the 

size of the glacier and climate region, ranging from decades on mountain glaciers to millennia on 

ice sheets (Cuffey & Paterson, 2010). However, adjacent glaciers within the same climate region 

may respond differently. The sensitivity of individual glacier’s MB to warming climate is largely 

defined by glacier hypsometry, the distribution of glacier area over its altitudinal range (Mcgrath 

et al., 2017). 

 

2.2 Surging glaciers 
Whereas glaciers normally flow more or less on a steady state, surging glaciers are characterized 

by phases of stagnant (quiescent phase) and rapid (active phase) flow (Clarke et al., 1986). The 

duration of the active phase has been noted to vary from 1-2 years on Alaskan glaciers up to 10 

years on glaciers in Svalbard, the most notable difference between the two being the more abrupt 

surge initiation in the surges observed in Alaska and longer active and quiescent phases on the 
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surge-cycles in Svalbard (Dowdeswell et al., 1991). Based on this rough categorization, the surges 

are often referred as Alaskan or Svalbard type. Surging glaciers build mass during the quiescent 

phase which can be seen as increasing surface elevation and steepening slope (Raymond, 1987). 

The area where the mass increases is called the reservoir zone. During the active phase the built-

up mass is transferred downglacier by accelerated flow of ice. Downward flow of ice causes 

surface elevation lowering in the reservoir zone and glacier thickening in the receiving area 

downglacier (Meier & Post, 1969). Rapid redistribution of ice leads sometimes to extensive 

advance of the glacier terminus (e.g. Yde & Knudsen, 2005) but not all surges result in so dramatic 

changes and the active phase may terminate before reaching glacier terminus (Benn & Evans, 

2014). In addition to vertical and horizontal ice displacement, active phase is often characterized 

by bulging surge front that propagates downglacier and intense crevassing caused by higher 

stresses due to the accelerated flow (Kamb et al., 1985; King et al., 2016; Murray et al., 1998).  

 

Other surface features that are visible also after the surge include potholes and looped moraines. 

Potholes are circular to elliptical depressions thought to form in the crevasses during the quiescent 

phase. However, it is unlikely to be the only explanation because potholes do not occur on all 

surge glaciers where crevassing on the contrary, is present (Sturm, 1987). Looped moraines have 

been used as surge indicators on large valley glaciers that have tributaries. The loops form as the 

ice from steady flowing tributaries push into the main trunk during the passive phase. As flow 

velocity increases on the main trunk during a surge the loop is transported downglacier forming 

an easily identifiable tear shaped feature (Post, 1972). Geomorphological evidence on a 

landsystem of a terrestrial surging glacier may include features such as terminal moraines, 

concertina eskers, crevasse squeeze ridges, long flutings and hummocky moraines. Detailed 

examples of mapping multitude of landforms (including the aforementioned) from a DEM and 

aerial photographs and the impact of multiple surges on them is presented in the study of 

Brúarjökull in Iceland (Kjaer et al., 2008). However, only crevasse squeeze ridges and concertina 

eskers seem to be explicitly associated to surging (Benn & Evans, 2014). Crevasse squeeze ridges 

are thought to form as basal debris is intruded to basal crevasses in the active phase and the debris 

is then revealed during the passive phase as the glacier retreats (Farnsworth et al., 2016). 

Concertina eskers are formed from englacial eskers which deform under the longitudinal 

compression in the active phase to zig-zag shapes (Knudsen, 1995). Thus, crevasse squeeze ridges 

and concertina eskers may be used to identify past surges whereas terminal moraines formed at 

the ice front may be used to identify the position of the advanced glacier front.  
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Only about 1% of all the glaciers are surging and they are distributed in clusters around the world 

in uneven manner (Jiskoot et al., 1998; Sevestre & Benn, 2015). Local climate controls to some 

extent the presence of surging glaciers since they are found mostly in between the moist temperate 

and dry cold climates (Benn et al., 2019). Besides local climate, geometrical properties of the 

glacier, such as length, width and slope, have been related to whether the glacier can be of surge-

type or not (Clarke, 1991; Jiskoot et al., 2000). Different mechanisms have been proposed to 

cause surging, most notably perhaps the detailed study of the Variegated glacier by (Kamb et al., 

1985), which showed that the surge was caused by change in drainage system leading to high 

basal water pressure which increased basal sliding. On the other hand, thermal switch model 

(Fowler et al., 2001) has been suggested for cold based glaciers, such as in Svalbard (Jiskoot et 

al., 2000). In this model, part of the glacier bed reaches pressure-melting point due to the built-

up mass which leads to meltwater production that causes instability in the deforming till at the 

bed (Fowler et al., 2001). Most recently, an enthalpy model was framed as a general model for 

surging (Benn et al., 2019) 

 

2.3 Traditional photogrammetry and Structure-from-Motion 
A frame image represents the object through central perspective, where the focal point of the 

camera coincides the center of projection. The image and object space are linked through this 

central perspective geometry (Gomarasca, 2009). Stereoscopic view of an object is acquired when 

the same scene is captured on two images taken from different locations. The position of an object 

is apparently different in adjacent images relative to its background, caused by a shift in the 

position of observation which is called the stereoscopic parallax (Jensen, 2009). Altitudinal 

coordinates can be determined from stereo-pair images by measuring the parallax and solving 

stereoscopic parallax equation. To obtain correct heights from the parallax equation, the aerial 

photographs should have less than 3° tilt, be exposed from almost same altitude and 

approximately the same scale (Jensen, 2014).  

 

To link the image pixel coordinates to the real-world coordinates of the object space, interior and 

exterior orientation are required. Interior orientation describes the relationship between image 

pixel coordinates and internal coordinate system of the camera. This relationship can be defined 

from x,y location of the principal point and location of fiducial marks, focal length and 

deformation characteristics of the camera lens (Jensen, 2014). Modern aerial mapping cameras 

using film are equipped with fiducial marks in the camera body which are then exposed to the 

film to act as points of reference. Joining opposite fiducials with lines pinpoints the focal center 
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of the photograph at the line intersection, relating focal center to the principal point. The external 

orientation is defined by the location of the aircraft in X, Y, Z coordinates in the object space with 

three rotation angles (omega w, phi f, kappa k). The location and rotation angles describe the 

camera position at the time of capturing the image (Jensen, 2014). Central perspective theoretical 

model is subject to errors from construct errors in the camera, distortion due to imperfect 

alignment of spherical surfaces of the lenses and errors in the photograph such as film stretching 

and collimation error of fiducial marks. These are referred as camera errors, lens system errors 

and photogram errors, respectively. Radial and tangential distortion of the lens system can be 

measured in laboratory and then used to correct the distortion (Gomarasca, 2009).  

 

In traditional aerial photography, frame images are captured in sequences along flight line (strips) 

where strips are parallel to each other. The frames should overlap along the line of flight (frontal 

overlap) and on the parallel flight lines (side overlap) with overlap of 60-70% and 20-30%, 

respectively, to ensure stereoscopy everywhere (Gomarasca, 2009). Acquisition geometry has to 

be modelled for projecting acquired imagery. Nowadays, the model can be made from direct 

observations measured during image acquisition. Image location information and GCPs can be 

measured using Global Navigation Satellite System (GNSS) -receivers and camera orientation 

using inertial measurement unit (IMU) platforms. Before GNSS and IMU systems, accurate GCP 

measurement and identification was fundamental part to solve the missing external orientation 

parameters (Gomarasca, 2009). In aerial triangulation, or the bundle adjustment, the relation 

between image coordinates and object coordinates is calculated for the whole photo block 

simultaneously. Figure 2 visualizes the principle of collinearity condition of a tilted photograph.  
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Figure 2. Collinearity condition of tilted aerial photograph. X,Y,Z define the ground coordinate 

system where the point in the ground (A) and the camera exposure station(L) are located. 

Principal point (o) is in the center of the image coordinate space (x,y) where the location of the 

photo image of a point (a) may be defined. Omega, phi and kappa (w, f, k) describe the rotation 

angles of the aircraft. Figure modified from the figure 29 in (Jensen, 2014).  

For collinearity to occur, the camera exposure station, a point in the ground and the point’s photo 

image have to lie on straight line in 3-D space (Jensen, 2014). Tie points linking points between 

multiple images are used in bundle adjustment to reduce the number of GCPs, but to keep the 

number of collinearity equations sufficiently high to formalize relations among object coordinates 

(Gomarasca, 2009). This means that geometric characteristics from the GCPs are extended to 

each pixel in digital stereo model, which enables extraction of X, Y, Z coordinates from any pixel 

(Jensen, 2014). 
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Advances in computing performance and development of automated feature point detection 

algorithms, such as SIFT (Lowe, 2004) with feature point matching between images and iterative 

solving of relative camera positions (Snavely et al., 2008) have set path for modern Structure-

from-Motion (SfM) workflow. Automated feature matching allows the images to be randomly 

acquired and on different scales as long as the target is visible in multiple images, whereas in 

traditional photogrammetry overlapping images are collected on parallel flight lines (Fonstad et 

al., 2013). Camera location and orientation together with the scene are reconstructed 

simultaneously in the automatic identification of matching features (Westoby et al., 2012). 

Besides the geometric solution, recent SfM-algorithms are also able to solve for camera 

calibration and lens distortion which enables the use of cameras without accurate calibration 

parameters (Fonstad et al., 2013). The bundle adjusted image locations lack the scale and 

orientation normally given by ground control coordinates, therefore resulting in a point cloud in 

relative coordinate system. Ground control points (GCPs) are needed to give the scale and 

orientation for the point cloud and to transform it to real-world coordinate system (Westoby et 

al., 2012). Besides linking the model to object coordinates, the usage of GCPs improves accuracy 

by binding the model to accurately measured locations. Further, additional GCPs that are not 

incorporated in the bundle adjustment may be used as control points to assess the difference 

between the point cloud and field measured points. The whole SfM process can be divided to 

following main steps: measuring GCPs and acquiring the photoset, initial processing and keypoint 

extraction, bundle adjustment and 3D-reconstruction, transformation and georeferencing with 

GCPs, point cloud densification, mesh generation and rendering (Westoby et al., 2012). Image 

resolution, texture, sharpness and density of the photoset largely define the quality of the resulting 

point cloud data (Westoby et al., 2012). As a general rule from this, well exposed photographs 

with high image overlap and resolution will provide good results. However, real-life is often a 

balance between number and size of photographs which affects processing time, sensor platform, 

size of the study area, target resolution of the end product and the lighting and weather conditions 

at the time of image acquisition. 
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3.  Study area 
The study area (Figure 3) is located between latitudes 70° 10’ N and 70° 50’ N and longitudes 

52° W and 54° W, on the Nuussuaq peninsula north of Disko Island (Qeqertarsuaq) in West-

Central Greenland. Average air temperatures from weather station observations in the 

Qeqertarsuaq village on Disko Island from 1990-2020 range from 8.3 °C in July to -13.3°C in 

February with -2.5 °C annual average (Greenland Ecosystem Monitoring, 2020b).  

 
Figure 3. Map of the study area. Thick dashed line shows the study area and the location in 

Greenland is marked by the black square on the inset. The thin dashed polygon on the inset map 

shows the approximate northwest climate region (Cappelen et al., 2018). The colored glacier 

entities show the glaciers fully inside the study area which were included in the study. The 

coloring shows the surging state of the glaciers according to Randolph Glacier Inventory, where 

light blue indicates ‘unknown’ and darker blue ‘probable’ surging glaciers. Background 

orthophotomosaic is from the 1985 imagery of AeroDEM dataset. 

 

Precipitation observations available from 2011-2020 from the same station show mean annual 

precipitation of 407.3 mm (Greenland Ecosystem Monitoring, 2020a). Precipitation varies greatly 
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over Greenland, being generally higher at the coasts than inland and most abundant in the south 

and lowest in the north. Southerly winds and cyclones moving to the Baffin Bay carry 

precipitation to the northwest region of Greenland through the year. More of the precipitation 

falls to the southern part of the NW region than to the north (Cappelen et al., 2018).  

 

The study area covers 3769 km2 and most of the western half of the Nuussuaq peninsula. 

Precambrian crystalline rocks, such as orthogneisses, granites, metavolcanic and 

metasedimentary rocks which represent roots of ancient fold belts are abundant in the eastern half 

of the peninsula, while the bedrock on the western half is formed by Cretaceous and Palaeogene 

sedimentary rocks which are partly overlain by Palaeogene basalts (Weidick & Bennike, 2007). 

The total glacierized area of the glaciers included in the study is formed by 242 separate glacier 

entities totalling to an area of 528 km2, as of 2016. Thus, the small ice caps and mountain glaciers 

cover 14 % of the study area. All the glaciers in the study area are land terminating in their current 

extent on the 45 - 50 km wide peninsula. Elevation in the area varies from sea level to mountain 

peaks over 2000 meters high. The study area is within the Disko-Nuussuaq cluster of surging 

glaciers (Sevestre & Benn, 2015) and four of the glaciers in the study area are categorized as 

probable surging glaciers (RGI Consortium, 2017).  

4. Data and methods 
4.1 Glacier outlines 
Glacier outlines from Randolph Glacier Inventory (RGI Consortium, 2017) were used as basis to 

identify individual glaciers. The outlines were edited manually to match the glacier extent in 1953, 

1985 and 2016. Orthophoto generated along the 1953 DEM was used in defining the glacier 

extents of the 1953, and an orthophoto from AeroDEM dataset (Korsgaard et al., 2016) was used 

to map the 1985 glacier extents whereas satellite image mosaic was used to update the glacier 

outlines for the 2016 glacier extents. Fully debris covered ice tongues and rock glaciers were not 

included in the outlines because these features are hard to distinguish explicitly even from very-

high resolution images and could result in larger uncertainty in glacier area (Paul et al., 2017). In 

the glacier inventory, single glaciers have been separated from glacier complexes by semi-

automatic processes built on the hydrological modelling tools and watershed algorithms (Bolch 

et al., 2010; Kienholz et al., 2013; RGI Consortium, 2017) . Despite high accuracy, the glacier 

outlines from semi-automated process may include erroneous results (Kienholz et al., 2013). 

Therefore, the glacier divides were visually checked and adjusted if needed. For example, in a 

case where a glacier tributary used to merge with the main trunk but has since retreated to form a 
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separate entity, the tributary was separated to an individual glacier. The separated glaciers were 

identified by adding a suffix to the RGI identification number.  

 

4.2 DEM datasets 
New DEM and orthophotomosaic dataset were generated from aerial images of reconnaissance 

flights made by the US air force in July of 1953 and 1954. Processing steps are described in more 

detail in paragraph 4.3. The new DEM was compared to the AeroDEM dataset consisting of a 

DEM, orthophoto mosaic and reliability mask (Korsgaard et al., 2016), and a high-resolution 

DEM from remapping project of Greenland available through Danish Agency of Data Supply and 

Efficiency (SDFE) website (https://download.kortforsyningen.dk/content/geodataprodukter). 

The main properties of these three DEM datasets are summarized in Table 1. Together the datasets 

cover 63-year time span from early 1950s to mid-2010s.  

 

Table 1. Summary of DEM datasets used in the study. Cell resolution expressed as the original 

data resolution in each dataset. Resolution was later resampled to the coarsest resolution (see 

DEM co-registration). 

DEM year Cell resolution Accuracy (m) Source data 

1953  1 m X: 9.77 Y: 7.11  
Z: 4.57 Aerial photographs 

1985 25 m Horizontal <10 
Vertical < 6 Aerial photographs 

2016 0.00002 lat, 0.00001 lon 
(~0.8 m, ~0.4 m) 0.5 ± 1.7  SPOT 6 & 7 satellite 

imagery 
 

4.3 Historical DEM 
The process of creating a DEM and orthomosaic from historical imagery in a modern 

photogrammetry software may be split to pre-processing tasks and SfM workflow (Figure 4). The 

historical imagery from 1953-1954 reconnaissance flights by US Air Force has been captured 

with Fairchild K-17 camera with Metrogon 6-inch focal length lens at 6000-meter flying altitude. 

Film rolls were gathered from the Danish Agency for Data Supply and Efficiency (SDFE), the 

successor to the organizations that used the films for mapping. The films were scanned to digital 

format at National Land Survey of Finland (NLS) with 15 µm resolution on Leica DSW700 

photogrammetric scanner. The image geometry between images may differ due to asymmetrical 

scanning and/or physical distortion of the film. To create uniform image geometry for the images, 
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the fiducial marks in the images were measured to get their locations relative to each other and 

the position of the focal center at the intersection of lines connecting the opposite fiducials.  

 

 
Figure 4. Conceptual workflow for the processing steps in creating a DEM and orthophoto from 

film era aerial photographs with modern SfM photogrammetric software. Film rolls collected 

from SDFE were transported to NLS for scanning. Later pre-processing steps were done in 

Matlab. All SfM steps were done in Agisoft Metashape. 

These measurements were used to transform and crop the images so that images taken with the 

same camera would have the same dimensions and the focal center would have the same image 

coordinates in all images, which is required by the Agisoft software. The procedure is divided 

into several steps: After first step of transforming the images, the scanned images were cropped 

in reference to the focal center to exclude film frames and fiducials from the images. Finally, the 

images were resized to specified dimensions for all images. This pre-processing was done with 

Matlab with scripts provided by N. J. Korsgaard. With the cp2tform function used to perform an 

affine (translation, rotation, scaling, and shear) transformation between the averaged fiducial 

coordinate measurements as the fixed (reference) points and the fiducial measurements from each 
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image as the moving poinst (or slave). Thus, in this way the images are not only prepared to be 

ingested into Agisoft, but the scaling and shearing also reduce the distortion from decades of 

storage of the film rolls. Despite cropping the images, image information printed at the time of 

exposure in the side of the film image remained visible (Figure 5). However, cropping this would 

have reduced the image area further and thus decrease the overlap on adjacent images, which in 

aerial mapping is already lower than the optimal overlap for SfM-processing. Therefore, cropping 

of the edges was kept at minimum and the printed information was masked in later processing 

stage described further below.  

 
Figure 5. A scanned film image before and after pre-processing. On the left, fiducial marks are 

shown with black rectangles whereas slightly visible frame edge and focal length information are 

pointed with lines. Image information that remained visible in the scanned images after pre-

processing, is highlighted by the dotted rectangle on the right-side image. 

Altogether 320 aerial photographs from 1953/54 (Figure 6) were imported to Agisoft Metashape 

photogrammetric software (AgiSoft metashape professional (version 1.6.4), 2020).  
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Figure 6. Estimated locations of the historical aerial images. Most of the images are from 1953 

(blue dots) and one flight line is from 1954 (purple dots). The triangles show the GCP locations 

and the orthophotomosaic constructed from the 1953/1954 images is in the background. 

Images were first aligned automatically using coarse XY- image location estimated from the 

latitude, longitude information from flight lines plotted on maps. During the initial alignment, the 

software finds automatically tie points between images and creates sparse point cloud. The XY-

accuracy was set low for the image location while Z-accuracy was kept more accurate to allow 

greater degree of adjustment for the more inaccurate XY-location during the alignment. The initial 

alignment produces an initial stereo-model which can be used in identifying GCP locations. Since 

field measured GCPs were not available for the historical imagery, the GCPs were created by 

digitizing points from suitable locations using the AeroDEM dataset. GCP locations were selected 

from as clearly distinguishable features and as solid surfaces as possible with aim to create evenly 

distributed network of GCPs over the study area. For example, small lakes or ponds on bedrock 

areas provide relatively stable features which can be easily identified from the images. In addition, 

the reliability mask was used to select GCP locations so, that elevation was extracted only from 
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grid cells where the reliability mask value was 40 or higher. Before refining the initial alignment, 

masks were created to exclude areas that may have erroneous tie points. Such areas include, ocean 

and icebergs, glaciers between 1953 and 1954 photos and the image information of the film roll 

on the side of the scanned images. All ocean areas were masked out whether there were icebergs 

or not. Glaciers were masked only in those 1954 photos which showed tie points in Metashape 

tie point viewer. This was done to prevent tie points on dynamic surfaces where changes are likely 

to have occurred between the image acquisition dates. The glacier masks were kept as small as 

possible not to aimlessly create areas without tie points. Finally, images were inspected if tie 

points were present in the film roll texts and if so, masked out. Camera calibration was adjusted 

by the software. After refined alignment, largest outliers were removed before cloud densification 

and exporting DEM. As a result of SfM-processing a DEM and orthophoto representing 1953/54 

surface was produced with accuracy X: 9.77m Y: 7.11 m Z: 4.57 m reported by the software. 

Hereafter this data is referred as 1953 DEM. 

 

4.4 DEM co-registration 
DEM co-registration was applied to correct for misalignment and elevation errors. This is to 

ensure that pixel locations represent the same ground area on Earth (Nuth & Kaab, 2011). The 

2016 DEM was selected as reference being the most recent, having smallest inaccuracy and the 

model accuracy has been assessed using GPS-measured pass points. Before co-registration, 2016 

DEM was shifted to same projection and vertical coordinate system as other DEMs, in this case 

UTM22N (EPSG:32622) projection and ellipsoidal heights. The 1953 and 2016 DEMs were 

resampled to 25-meter pixel size. Cell resolution was guided by the lowest resolution of the 

datasets, in this case the AERODEM dataset, which comes with a spatial resolution of 25 meters. 

Ocean and glaciers were masked out because these areas experience constant changes and 

therefore, can’t be regarded as stable surfaces suitable for co-registration. Union of the outlines 

for different decades was used as glacier mask to create a mask with maximum glacier extents. 

In addition, the reliability mask provided along AERODEM dataset (Korsgaard et al., 2016) was 

used to select cells with reliability mask value equal or over 40 from the 1985 DEM for the co-

registration. As a result, only land area was used for co-registration. Co-registration was done 

using method by Nuth & Kaab (2011) in Python using the demcoreg package (Shean et al., 2016). 

Initial co-registering of the 1953 DEM showed skewed elevation difference distribution. To 

observe this in more detail, the area was divided to four subsets with 25-meter overlaps to each 

other and the subsets co-registered individually. This revealed larger offset in the southeast area 

while the shift in other subsets was within the accuracy. Thus, by subsetting and co-registering 



  18 

the subsets individually, the larger inaccuracy in the southeast subset didn’t affect to the co-

registration of other regions. The error may be due to a bad quality ground control point(s) but 

would have required more detailed analysis of the source data which was outside the time for this 

study. After co-registering the subsets, they were mosaiced back to one layer, which once more 

was co-registered. The values in the overlapping cells during mosaicing were averaged. Results 

of the co-registration are in appendices 1 to 8. 

 
Elevation change was calculated between all co-registered DEMs, from 1953 to 1985, from 1953 

to 2016 and from 1985 to 2016. Because different interpolation methods may have significant 

effect to volume change calculation results (McNabb et al., 2019) the voids were interpolated 

after DEM differencing.  

 

4.5 Filtering and void interpolation 
Before filling the voids, three-sigma filter was applied to remove outliers from the dDEMs. 100-

meter elevation bins were defined based on the elevations from 2016 DEM. Mean and standard 

deviation from the dDEMs was calculated for each bin and values greater than three standard 

deviations away from the mean were considered as outliers and replaced with nan values. Three-

sigma filter was chosen instead of some specific value to remove outliers not to remove any actual 

signal of glacier surges probable in the area (Huber et al., 2020). Since the 1953 and 1985 DEMs 

are results of photogrammetrically processed historical aerial imagery, data voids are present in 

both data and are largest in the areas of poor contrast, such as snow-covered areas in the 

accumulation areas of the glaciers (Noh & Howat, 2015). Following the findings and 

recommendations by (McNabb et al., 2019), the voids were filled in the dDEMs using different 

void filling methods to compare the difference in interpolated results. Hypsometric methods 

assume that the elevation changes are related to elevation. Local and global refer whether the 

mean is calculated using the data from a single glacier or data from the whole region, respectively 

(McNabb et al., 2019). The mean of the elevation difference was calculated in 100-meter 

elevation bins for the hypsometric methods. For the comparison of different void filling methods 

(Table 2), linear interpolation and local mean hypsometric method were selected because of their 

good performance on individual glacier basis and global mean hypsometric for its ability to 

provide reasonable region wide results (McNabb et al., 2019).  
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Table 2. Comparison of the effect of possible void filling methods to elevation change  

dDEM Linear interpolation Local mean hypsometric Global mean hypsometric 
1953 to 2016 -11.86 m -10.64 m -9.81 m 
1953 to 1985 2.33 m 3.38 m 3.59 m 
1985 to 2016 -14.40 m -13.67 m -13.16 m 

 

Linear interpolation of voids in the dDEM can provide good results, but the result may exaggerate 

elevation differences if applied over large data gaps and noisier DEMs (McNabb et al., 2019). 

This seems to hold true in the comparison where linear interpolation shows larger elevation 

change than the hypsometric methods. Thus, the hypsometric methods were considered more 

appropriate for void filling. In addition, local mean hypsometric is the only method that can 

reproduce the signal of surging glaciers whereas linear interpolation and global hypsometric 

methods overestimate elevation change on them (Huber et al., 2020). Elevation change from the 

hypsometric void fill methods are quite close to each other, but since the area holds also surging 

glaciers, local mean hypsometric was considered the prioritized void filling method for the data. 

In more detail, the two-fold threshold workflow by Huber et al. (2020) was followed on the local 

mean hypsometric method. First, if the bin had valid pixels less than 40% of the bin, all the bin 

values were set to no data. Also, the valid bins had to cover more than 2/3 of the glacier elevation 

range. Second, the valid pixels had to cover more than 1/3 of the glacier area. The glacier was 

excluded if these conditions were not met. For the remaining glaciers, the voids were interpolated 

using the mean elevation difference in the 100-meter elevation bin with the addition, that if the 

glacier contained empty bins, they were filled with values from third order polynomial fit to the 

valid bins.  

 

4.6 Glacier mass balance 
Glacier mass balance was computed as geodetic mass balance from the volume change from 

dDEMs and as a result of MB modelling from OGGM. Geodetic mass balance was computed by 

summing the dDEM values within the glacier mask and multiplied with the cell resolution. Union 

of the digitized glacier extents was used as a glacier mask to observe the change within maximum 

glacier extent. A conversion factor of 850 ± 60 kg m-3 (Huss, 2013) was used to convert volume 

change to ice mass.  

 

 



  20 

4.7 Uncertainties 
Besides analyst’s precision, manual digitizing is subject to choices whether to include rock 

glaciers or not, to which extent fully rock covered parts of the glacier are included and how to 

differ seasonal snow from perennial snow, which is difficult even from high-resolution imagery 

(Paul et al., 2017). Repeated digitizing can be used to estimate these errors, but due to the already 

high workload of digitizing outlines for each DEM year, error estimate was drawn from previous 

studies. (Huber et al., 2020) used 5% uncertainty on the automatically derived glacier outlines in 

West-Central Greenland while (McNabb et al., 2019) used 10% error for manually edited outlines. 

The more cautious error estimate of 10% was considered appropriate as the outlines were a 

combination of automatically derived outlines and manual digitization. Uncertainty in volume 

change per glacier was calculated based on the equations by (McNabb et al., 2019) where the 

error in volume change 𝜀∆V is defined as 

 
𝜀∆#$ = (𝜀∆'𝐴)$ + (𝜀+∆ℎ----)$,      (1) 

 

where A is the glacier area and 𝜀A the area uncertainty. The estimated error in elevation 𝜀∆h is 

computed as 

𝜀∆' = 	/
𝜀0123
4

56/(8/9)$
+	𝜀:;<=$ ,      (2) 

 

where 𝜀rand is the random error in differenced DEMs, calculated as root mean squared difference 

from the stable ground pixels that were used as co-registration surface. The residual bias 𝜀bias that 

remained after co-registration was computed by triangulating the co-registration shift vectors 

(Nuth & Kaab, 2011). n marks the number of pixels inside the glacier outline, L the distance for 

autocorrelation (500m) and r the pixel cell resolution (25m). Then combining equations 1 and 2, 

error in volume is estimated as 

 

𝜀∆# = >?𝐴@ 𝜀𝑟𝑎𝑛𝑑
2

56/(8/9)4
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$
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4.8 Open Global Glacier Model (OGGM) 
OGGM was used to compute MB of the glaciers in the study area and simulate their response to 

future climatic projections. OGGM is numerical open source model framework to model past and 

future changes on any glacier globally. The model computes glacier catchment areas and 

flowlines using glacier outlines from an inventory (which on default is RGI) and a DEM. 

Centerline computation in OGGM is based on cost grid-least-cost-route algorithm that identifies 

the heads (the highest point) and termini of glaciers, calculates centerlines on the least-cost-

routing algorithm and splits the centerlines into branches which are ordered (Kienholz, 2014). 

The points defining the centerline geometry are then interpolated equidistantly, forming the 

flowline (Maussion et al., 2019). The catchment is then defined from the flowline to the 

boundaries. The flowlines and catchments are used in further modelling steps to estimate glacier 

mass balance from climate data, ice thickness and glacier evolution (Maussion et al., 2019). The 

mass balance modelling in OGGM is based on temperature index melt model by (Marzeion et al., 

2012) and is described in full detain in the paper by (Maussion et al., 2019). OGGM computes 

monthly MB mi at an elevation z as  

 

𝑚;(𝑧) = 𝑝J𝑃;LMN;O(𝑧) − µ∗ max(𝑇;(𝑧) −	𝑇WXNY, 0) + 𝜀,    (4) 

 

where pf is global precipitation correction factor (default value used in this study), PiSolid is 

monthly solid precipitation, µ* a parameter for a glacier’s temperature sensitivity and requires 

calibration, Ti is monthly air temperature, TMelt the temperature above which ice is melting and 𝜀 

is bias correction (Maussion et al., 2019). By default in OGGM, and also in this study, temperature 

and precipitation time series are obtained from Climatic Research Unit gridded Time Series 4 

(CRU TS 4) (Harris et al., 2014). CRU TS 4 is 0.5° resolution grid with observations reaching to 

1901 covering all land areas except Antarctica. The grid is based on time series from network of 

individual weather stations. Each time series is anomalised to the station’s 1961-1990 

observations and the anomalies are then interpolated to 0.5° grid which is converted to actual 

values using CRU CL (New et al., 1999) climatology (Harris et al., 2014). OGGM uses the 

updated version 2.0 of the CRU CL climatology (New et al., 2002) and downsamples the actual 

values in the conversion to the 10‘ resolution of the climatology dataset (Maussion et al., 2019). 

In OGGM, the calibration is done by comparing computed annual sensitivities to direct specific 

MB observations to find ideal µ*. The direct observations are obtained from 254 glaciers in World 

Glacier Monitoring Service (WGMS). The date where the computed annual sensitivity bias to 

direct observations is smallest, is selected (and called as t* in OGGM). For glaciers without direct 
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observations, t* is interpolated with the residual bias from the 10 closest locations and reverse 

procedure used to obtain µ* from t* (Maussion et al., 2019). Ice thickness module of OGGM uses 

the computed mass balance and by mass-conservation considerations estimates the ice flux 

through glacier cross-sections and then computes ice thickness along the flowline and glacier 

volume based on physics of ice flow and assumption of the glacier bed shape. Ice dynamics 

module then utilizes the previously computed results to simulate glacier advance or retreat 

depending on the SMB forcing. The full detailed description of the modules is found in the 

OGGM paper (Maussion et al., 2019). General circulation model (GCM) output from Coupled 

Model Intercomparison Project Phase 5 (CMIP5) was used in MB computation to simulate glacier 

changes under four different representative concentration pathway (RCP) scenarios (RCP2.6, 

RCP4.5, RCP6.0 and RCP8.5).  

 

OGGM simulates glaciers individually which enables specific glacierwide modelling to the past 

and future. Drawbacks of the glacier centric modelling are that only inventoried glaciers can be 

modelled and that glaciers will remain separate if they were to advance so as to merge. However, 

these drawbacks are of minor concern in short-term future scenarios with warming climate 

(Maussion et al., 2019). Greater uncertainty may be caused by the uneven distribution of the 

monitored WGMS glaciers that are used by OGGM. The network is sparse in Greenland, the 

closest ones to the study area being in SW, S and SE Greenland and Arctic Canada (Appendices 

B & C in Maussion et al., 2019). Therefore, the distance from glaciers that are used to calibrate 

the mass balance model to the study area is hundreds of kilometers. Considering this, the OGGM 

MB estimate was fitted to the MB trends of 1953-1985 and 1985-2016 from geodetic MB results. 

The fit was computed for each glacier as the difference between the mean OGGM MB and the 

geodetic MB trend in the aforementioned periods. Thus, annual MB estimates fitted to the 

geodetic MB were obtained and later used to re-calibrate the future simulation. The fitted MB 

naturally does not resolve any true annual differences, being basically just a shift between the 

mean differences. However, in absence of more frequent reference MB the fit to geodetic MB 

remained the best guess to fit OGGM MB and re-calibrate the model for the simulation. 
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5. Results 
5.1 Glacier advances 
Visual interpretation of the positions of the glacier fronts showed advancing on four glaciers 

(RGI60-05.01987, RGI60-05.02280, RGI60-05.02297 and RGI60-05.02328) of which one is 

classified as probable surge glacier (RGI60-05.01987) and the rest unknown in the RGI. The other 

probable surge glaciers showed continuous retreat during the observation periods (Table 3). In 

addition to the aforementioned, RGI60-05.02216 is included here due to widening and increased 

surface elevation suggesting of increased ice movement at the glacier front though terminus 

wasn’t exceeding the 1985 position. Elevation and length changes for these glaciers are 

summarized in Table 3 and average elevation change per elevation bin and the location of the 

glaciers are shown in Figure 7. In addition to changes in glacier surface elevation and length, the 

glacio- and geomorphological features related to surging were mapped for each glacier (Appendix 

9). Visual observations of the changes described in this section are shown in the appendices 10-

15. 

 

Table 3. Elevation and length changes for the probable surging glaciers and glaciers with activity 

at the glacier front. Elevation change shows the total change computed from local hypsometric 

dDEM. Changes in glacier front positions were measured in GIS software.  

  Elevation change (m) Change in glacier front position (km) 

Glacier 1953-1985 1985-2016 1953-2016 
1953-
1985 

1985-
2016 

1953-
2016 

Probable surging glaciers           
RGI60-05.01920 -0.25 ± 3.77 -16.58 ± 3.38 -15.72 ± 3.52 -1.65 -1.22 -2.87 
RGI60-05.01987  1.81 ± 3.21 -17.75 ± 3.18 -16.59 ± 3.24 0.25 0.17 0.42 
RGI60-05.02108  5.86 ± 3.02 -14.22 ± 2.89 -10.61 ± 2.83 -1.06 -0.57 -1.62 
RGI60-05.02213 -1.01 ± 3.73 -20.39 ± 3.56 -21.57 ± 3.80 -0.22 -1.57 -1.79 
              
Active glaciers             
RGI60-05.02216 -0.25 ± 4.59 -10.88 ± 3.59 -15.36 ± 4.02 -0.66 -0.14 -0.80 
RGI60-05.02280 -2.52 ± 3.54 -14.26 ± 3.16 -15.85 ± 3.39 -0.64 0.26 -0.38 
RGI60-05.02297 -3.31 ± 3.69 -14.89 ± 3.25 -20.54 ± 3.71 -1.20 0.08 -1.12 
RGI60-05.02328 22.89 ± 4.83 -12.74 ± 3.47   8.08 ± 3.58 0.08 0.53 0.61 
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Figure 7. Average elevation differences per elevation bin for the probable surge-type glaciers 

and active glaciers in 1953-1985 and 1985-2016 observed within the maximum glacier extent. 

Elevation differences are computed from the local dDEM. The location of the glaciers are shown 

with colored entities on the map. 

 
Glacier specific elevation change was negative throughout the study period on glaciers RGI60-

05.02280 and RGI60-05.02297 where the glacier front however, advanced in 1985-2016. The re-

advance is observable as increasing surface elevation in the lower elevation bins in 1985-2016. 

Nevertheless, visual evidence suggesting of surging was not found. The glaciers RGI60-05.01987 

and RGI60-05.02328 were the only ones where the position of the 2016 glacier front surpassed 

the 1950s extent. The measure advance on RGI60-05.01987 was 168 meters between 1985-2016 

though during the same period the glacier surface lowered most near the glacier front. Elevation 

change was negative in 1985-2016 on all glaciers and only the glacier RGI60-05.02328 from 

these glaciers had overall positive elevation change of 8.08 ± 3.58 m between 1953-2016. It is 

also notable that the surface on the glacier increased in all elevation bins from 1953 to 1985. 

Overall advance on RGI60-05.02328 was 605 meters, which mostly occurred during 1985-2016 

(Figure 8).  
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Figure 8. Advancing on RGI60-05.02328 as seen from aerial and satellite imagery in 1953, 1985 

and 2016 from left to right, respectively. The numbers indicate the lower margin of the elevation 

bins which are shown by the contours. The surface lowered most in 1000-1300 meter elevation 

bins between 1985-2016. The surface lowering and ice flow is seen as heavy crevassing near the 

center of the image. A bulge-like feature near the 1300-meter elevation bin is pointed by the arrow 

in 1985 image. 

 
5.2 Glacier hypsometric change and area altitude distribution 
Glacier area reduced 73.24 ± 7.32 km2 between 1953 and 1985 and 49.36 km2 ± 4.94 km2 from 

1985 to 2016 totaling to area decrease of 122.60 ± 12.26 km2. Between 1953-1985 the surface 

elevation decreased at elevations less than 1100 meters which is compensated by elevation gain 

in the bins at higher elevations. In contrast, from 1985 to 2016 surface lowering occurred in all 

elevation bins (Figure 9A). Thus, also the average elevation change for the whole study period 

1953-2016 was negative except in the highest elevation bins. 
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Figure 9. Average elevation difference and area altitude distribution as computed from the local 

dDEM for A) all glaciers, B) all except glaciers that advanced C) glaciers that advanced and 

where elevation increased in low elevations D) passive probable surge-type glaciers.  

Averaged elevation change of the advancing glaciers is shown in Figure 9C and basically shows 

the average for the 5 glaciers from Figure 7. Likewise, Figure 9D shows the averaged surface 

changes for the retreating probable surge-type glaciers. Most of the area of the advancing glaciers 

is centered to a narrower elevation range compared to the overall hypsometry and the bins where 

surface elevation increases cover comparably small area (Figure 9C). The effect of the surface 

increase on the advancing glaciers to the overall mean elevation change is visible in the 600-meter 
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elevation bin where the mean surface change is slightly more negative when the active glaciers 

are excluded (Figure 9 A & B).  

 

5.3 Geodetic mass balance 
Elevation change results over the glacierized area from hypsometric void filled dDEMs are 

summarized in Table 4. Mass balance results were calculated from dDEMs with voids filled using 

local and global mean hypsometric methods. The two-fold filtering during local mean 

hypsometric void fill resulted in 216 adequate glaciers, whereas 242 glaciers were used in mass 

balance computation from global mean filled dDEM. The void filled dDEMs are hereafter 

referred as local and global dDEM. Due to the reduced number of glaciers, results from local 

dDEM were computed over a glacierized area of 585.31 km2, while the glacierized area was 

655.17 km2 for the global dDEM.  

 

Table 4. Elevation changes and geodetic mass balance results over the maximum glaciated area 

from hypsometric void filled dDEMs.Note different number of glaciers and glacial area between 

the methods due to filtering of adequate glaciers in local dDEM (see Filtering and void 

interpolation). To convert volume change to mass 850 kg m-3 was used.  

Number of 
glaciers 

Glacier area 
(km2) 

dDEM Elevation 
change (m) 

Elevation 
change m yr-1 

Mass change 
(Gt) 

Trend 
(m water 
equivalent yr-1) 

Local mean hypsometric         

216 585.31 
1953 to 2016 -10.64 ± 2.49 -0.17 ± 0.04 -5.29 ± 1.61 -0.14 ± 0.04 
1953 to 1985 3.38 ± 2.39 0.11 ± 0.08 1.68 ± 1.31 0.09 ± 0.07 
1985 to 2016 -13.67 ± 2.61 -0.44 ± 0.09 -6.80 ± 1.78 -0.37 ± 0.10 

              
Global mean hypsometric         

242 655.17 
1953 to 2016 -9.81 ± 2.45 -0.15 ± 0.04 -5.46 ± 1.75 -0.13 ± 0.04 
1953 to 1985 3.59 ± 2.38 0.11 ± 0.07 2.00 ± 1.47 0.10 ± 0.07 
1985 to 2016 -13.16 ± 2.58 -0.43 ± 0.08 -7.33 ± 1.95 -0.36 ± 0.10 

 

Elevation change is largest on the period 1985-2016, where result from local dDEM shows -13.67 

± 2.61 meters elevation loss, whereas the elevation change was positive 3.38 ± 2.39 meters from 

1953-1985. Elevation change for the full study period 1953-2016 from the local dDEM is -10.64 

± 2.49 meters or -0.17 ± 0.04 meters elevation change per year. Converting the volume to ice 

mass with density of 850 ± 60 kg-m3 results in mass loss of -5.29 ± 1.61 Gt which corresponds 

to -0.14 ± 0.04 meters water equivalent per year. The elevation change rates for the whole glacier 

sample computed from the global dDEM are similar to the ones from local dDEM. The mass 
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change estimates are 2.00 ± 1.47 Gt and -7.33 ± 1.95 Gt for 1953-1985 and 1985-2016, 

respectively, and -5.46 ± 1.75 Gt for the full study period 1953-2016. 

 

5.4 OGGM Past and future mass balance  
The MB results from default OGGM run showed average MB of -327.34, -543.62 and -445.89 

mm w.e. yr-1 for 1953-1985, 1985-2016, 1953-2016, respectively. The results show more negative 

MB than the geodetic MB with a mean difference of -412.35 and -168.58 mm w.e. yr-1 for 1953-

1985 and 1985-2016, respectively. The root mean squared error (RMSE) between OGGM MB 

and the fit to the geodetic MB is 355.04 mm w.e. yr-1 (Figure 10). Vast majority of the points fall 

below the identity line which shows the more negative MB estimates from OGGM. The R2-value 

should not be given too much weight as the fitted values originate from OGGM MB. 

 
Figure 10. Comparison of the OGGM MB to the geodetic MB fit. The dashed line represents the 

identity line of 1:1 fit.  

The average OGGM MB for the modelled glaciers and the results fitted to the geodetic MB with 

their 10-year rolling averages are shown in (Figure 11). Annual variation is large in the computed 

MB but periodic shifts of positive and negative MB phases prior to 1980s and a more continuous 

decline from post-1980s may be observed from the 10-year averages.  
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Figure 11. OGGM mass balance computation from gridded temperature and precipitation 

observations. Blue line shows the OGGM MB fitted to geodetic MB. The vertical dashed lines 

show the imagery acquisition year (1953, 1985 and 2016) of each DEM dataset in this study. The 

dashdot lines show the 10-year rolling averages. 

 

The simulated results of the glacier evolution towards the year 2100 under different climatic 

projections are shown in Figure 12. The projections with stronger climatic forcing (RCP6.0 and 

RCP8.5) show nearly continuous decline in volume whereas the area and length show slightly 

parabolic decline. Volume change in the projections RCP2.6 and RCP4.5 declines rather 

continuously until around 2050 from where the decline continues at slower rate. The area and 

length changes in the same projections decrease in near linear rate. Total glacier volume for the 

85 glaciers in the simulation from OGGM volume inversion calculation is 46.45 km3 in the 

beginning of the projection in 2016. Volume estimates show 46.1% loss in glacier volume with 

RCP2.6 scenario from 2016 to 2100 whereas the volume change for RCP8.5 is 82.7%. The loss 

is 55.1% and 75.1% for RCP4.5 and RCP6.0, respectively. 
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Figure 12. Simulated glacier evolution results based on four different climatic forcing 

projections. Volume and area change is shown as fraction to the initial value in the beginning of 

the simulation. Length is shown as average glacier length.  

Glacier area show 28.8%, 32.0%, 57.9% and 66.6% decrease for RCP2.6, RCP4.5, RCP6.0 and 

RCP8.5, respectively, from the 440.29 km2 glacial area of 2016. Average glacier length 

projections show decline of 47.8% from 4190.7 meters in 2016 to 2188.6 meters in 2100 with 

RCP2.6 scenario. For the RCP8.5 scenario, decrease in average length is 83.1%, resulting in 

average length of 709.4 meters in 2100. 

6. Discussion 
 

The changes in glacier length and surface elevation along with glacier specific observations 

revealed contrasting glacier responses to the overall negative MB and glacier retreat in the area. 

Surge related features were observed on previously classified probable surge glaciers as well as 

on glaciers unknown to surge. Advances occurred both between 1953-1985 and 1985-2016 

though the geodetic MB showed mass loss on all glaciers during the latter period and the shift 

from near equilibrium MB to overall mass loss is evident in the study area. Comparing the OGGM 

computed MB to the geodetic result showed more negative MB estimates for the study area which 

is likely due to the lack of calibration data in the region.  
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6.1 Possible surging on Nuussuaq peninsula 
Retreating on three of the probable surge glaciers (RGI60-05.01920, RGI60-05.02108 and 

RGI60-05.02213) suggests of their passive phase in the surge cycle for the whole 63-year study 

period. Yde & Knudsen (2007) reported the quiescent phase of the surge glaciers on Disko Island 

may vary from decades to more than a century. Considering the location of Nuussuaq peninsula 

right north of Disko Island within the same climatic region, similar topography and bedrock 

properties, this could well be the case also there. Thus, a passive phase longer than 6 decades 

wouldn’t be exceptional in the region. The 1953 orthophoto shows extensively crevassed glacier 

surface on RGI60-05.02213 and some potholes are visible at approximately 2.6 km from the 

glacier front (Appendix 12). In 1985 imagery, the highly crevassed region about 3.2 km from the 

1953 terminus developed to a pothole field which is still visible in 2016 images. Though potholes 

are not solely present on surge glaciers they have been strongly linked to surging (Sturm, 1987) 

which together with intense crevassing also associated to surges (Meier & Post, 1969) suggests a 

surge event occurred on the glacier RGI60-05.2213. Further, a terminal moraine that is not present 

in the 1953 image is observable in 1985 and 2016 approximately 150 meters further from the 

1953 extent. Thus, it may be the glacier still advanced from 1953 extent though the comparison 

of outlines showed retreat. Based on this evidence and that the glacier was retreating by 1985, the 

advancing likely occurred closer to 1953. Other probable surge-type glaciers that retreated don’t 

have as clear visible surge-related features and thus, may not have surged recently. 

 

Citterio et al. (2009) discussed of two glacier advances on Nuussuaq peninsula between 1984 and 

2001, identified with ID’s 1IB40002 and 1GH02024 in the inventory by (Weidick et al., 1992). 

By comparing the glacier inventories, these ID’s can be appointed to glaciers RGI60-05.02280 

and RGI60-05.01987, respectively, in the RGI database. RGI60-05.01987 is classified as 

probable surge glacier and indeed advanced during the study period. The mapped outlines show 

continuous advance from 1953 to 2016, but elevation increase in 1953-1985 and elevation loss in 

1985-2016 in the lower bins shows the advancing started prior to 1985 and was retreating by 

2016. Some end moraines approximately 200 meters further from the 2016 extent are visible in 

the 2016 satellite imagery which suggests the glacier advance continued up to this point. This was 

later confirmed from September 2005 Landsat 7 image. Thus, the advance from 1953 would have 

been circa 650 meters and the glacier has retreated from there during the 21st century. 
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Three of the glaciers with unknown surging status (RGI60-05.02216, RGI60-05.02280, RGI60-

05.02297) had negative MB through the study period yet elevation increase near the glacier front 

was observed on them and two of them advanced in 1985-2016. Visible glaciomorphological 

surge features (e.g. Yde & Knudsen, 2005) were not found in the imagery and because detailed 

timings of the re-advances may not be defined with the data in this study, some unanswered 

questions remain of the causes of the re-advances. The glacier where the advance was most 

notable (RGI60-05.02328) had most positive MB of the glaciers studied in more detail. Visual 

imagery and extracted surface profiles with OGGM computed bed elevation show an ice fall at 

about 3 km along the flowline (Appendix 16). Narrowing valley and a bedrock ridge increase 

resistance to ice flow and could create conditions for a slowly surging glacier (Flowers et al., 

2011). However, without any in-situ measurements of the bed elevation and data of the ice 

velocities it is difficult to judge whether the advance is because of normal glacier response to 

positive MB in 1953-1985 or if the glacier has surged. Nevertheless, the possibility for surging is 

not ruled out based on the observations discussed above.  

 

The glacier specific observations revealed some contrasting glacier advances to the overall retreat. 

Even though the cause of the advancing could not be explicitly pointed to surging or other reasons 

with the data in this study, it shows unexpected glacier responses under negative MB. Considering 

the area covered by the elevation bins where the advancing occurred, it has rather limited effect 

to the overall elevation changes as seen in comparing Figure 9 A & B. Nevertheless, such events 

may cause biased change estimates if unaccounted for, as also highlighted in a recent study in the 

Tibetan plateau (King et al., 2021). However, under the negative MB and elevation loss in all 

elevation bins it is more unlikely for surging to occur in the future as enough mass is not 

accumulated to initiate the surge cycle (Dowdeswell et al., 1995).  

 

6.2 Changes in glacier area and mass balance 
The glacier area reduced between 1953 and 1985 largely due to the melt of glacier tongues 

extending to the lower elevation areas. On average during this period, the surface elevations 

increased in the upper half of the elevation range which resulted to slightly positive MB (1.68 ± 

1.31 Gt) in 1953-1985. Area decrease continued between 1985-2016 but during this period the 

surface elevations decreased on average throughout the elevation range resulting in clearly 

negative MB of -6.8 ± 1.78 Gt (Figure 9 & Table 4). The elevation change estimate of -13.67 ± 

2.31 m in 1985-2016 aligns to the changes observed over larger region in West-Central Greenland 

in 1985-2012 (Huber et al., 2020). The observations in this study show rather dramatical shift in 
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MB between the 1953-1985 and 1985-2016 periods. The change may be explained by decreased 

refreezing of meltwater on Greenland’s GICs since 1997 due to the depleted firn pore spaces 

(Noël et al., 2017). Without the meltwater buffer in the firn layer the runoff has increased the 

same rate as melt, resulting in accelerated mass loss (Noël et al., 2017). Over West-Central 

Greenland, the runoff increased 33% between the periods 1958-1996 and 1997-2015 

(Supplementary Figure 2 in Noël et al., 2017). The increased runoff falls within the observation 

period 1985-2016 in this study and therefore, coincides with the mass loss results. The findings 

discussed here with the global acceleration in glacier mass loss during the 21st century (Hugonnet 

et al., 2021) imply continuing mass losses in the study area in the future.  

 

6.3 OGGM mass balance and future simulation 
The mean MB observations from OGGM showed more negative results than the geodetic estimate 

in both sub-periods. Because the geodetic MB from 1985-2016 aligned with previous studies 

(Huber et al., 2020), it seems the OGGM MB on default resulted in too negative MB for the study 

area. This is likely due to the global design where low number and long distance to reference 

glaciers increases uncertainty in small scale MB modelling (Maussion et al., 2019). More simply, 

some difference may be due to the different nature of the data. Geodetic MB estimates provide 

volumetric change between two dates whereas OGGM returns annual MB estimates computed 

from temperature and precipitation data. Thus, periodic changes (i.e. years of exceptionally 

low/high temperature) between the observation dates also affect the average MB computed from 

OGGM. Ideally, the study area would include reference glaciers and direct annual MB records 

could be used in model calibration. However, this is rarely the case as collecting reference BM 

data is labour-intensive (Maussion et al., 2019). Due to absence of frequent MB records, a fit to 

the geodetic MB was the best estimate to re-calibrate OGGM for future simulations. Based on the 

comparison to the geodetic MB, OGGM shouldn’t be used ‘blindly’ to compute MB in regions 

without comparable reference data. However, the open source and relatively easily accessible 

tools of OGGM to basically model any glacier make its implementation to also regional analyses 

of interest.  

 

The simulated volume change results for the study area show about 15-35% larger loss relative 

to the initial volume by 2100 in the scenarios compared to the OGGM computed estimate for 

whole Greenland’s GICs (Supplementary figures S17-S20 in Marzeion et al., 2020). The results 

are not directly comparable considering the tiny portion the modelled glaciers in this study 

represent of Greenland’s GICs but show some relation to the overall changes. The difference is 
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smallest in the scenarios RCP2.6 and RCP4.5 and larger in the higher emission rate scenarios. 

For glacier area, the results seem to coincide the estimate for all Greenland’s GICs for the 

scenarios RCP2.6 and RCP4.5 whereas the higher emission scenarios show greater area change 

(Supplementary figures S5-S8 in Marzeion et al., 2020). The scenario RCP6.0 seems to show 

most differing results as it largely follows RCP8.5 in the simulations here, but more so the RCP4.5 

in the whole Greenland’s estimates. Machguth et al. (2013) simulated future simulation from 6 

areas on Greenland’s GICs with different regional climate models. From their results, nearest 

modelled region to the study area in this study was Sukkertoppen in SW Greenland, 500 km south 

from the study area. Comparing the relative volume change of OGGM RCP4.5 in this study to 

the Sukkertoppen simulation run from RACMO2 with RCP4.5 in Machguth et al. (2013) shows 

~20% greater relative volume change for the OGGM result. To some extent the differences to 

whole Greenland’s GICs estimates and to Sukkertoppen may be due to the variation in mass loss 

between regions in Greenland (Bolch et al., 2013) yet the more negative results encourage to deal 

the simulation results with caution and highlight the need for further research.  

 

6.4 Uncertainties 
6.4.1 Photogrammetric processing 
Photogrammetrically produced DEMs from historical photographs are prone to errors from 

multiple sources through the processing chain. The images are exposed in variable lighting 

conditions which alters the image contrast. Moreover, fully snow-covered areas in the 

photographs form areas where identifiable features may not be defined by the automatic feature 

matching algorithms which often results to voids in the output of the photogrammetric processing 

(Noh & Howat, 2015). The initial x,y locations of the camera exposure stations were coarse and 

therefore solved in the SfM-processing. Instead of fixed parameters, adaptive camera calibration 

was used due to images from different years and flight missions. This stresses the importance of 

the GCPs as they are used to solve the unknowns in the collinearity condition. Ideally, known 

camera calibration parameters could be used, yet self-calibration of the photogrammetric 

softwares has been used as well (Bakker & Lane, 2017; Mertes et al., 2017; Mölg & Bolch, 2017). 

The reliability mask of the AeroDEM was used to prevent unreliable elevations for the GCPs. 

Due to snow, ice, poor contrasting surface and unstable features the placement of GCPs was not 

uniform. Poorly reconstructed region was revealed in the southeast of the study area during the 

co-registration of the 1953 DEM. This may be caused by a poor GCP or badly reconstructed 

topography due to one missing image. Though the x,y-offset was corrected by co-registering the 

DEM as subsets, some elevation difference was unsolved by the 3-D vector shift. Yet, the 
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elevation difference was shifted from skewed to more kurtosis (Appendices 1 & 7). The remaining 

residual in the co-registration and the random bias in co-registration surfaces were accounted for 

in the volume calculation. A better result could be achieved with higher number of good quality 

GCPs in the photogrammetric process, but identifying such points in the historical images and 

reference data would be difficult and time consuming as the points would be most needed in the 

poor contrasted areas or areas with unstable surfaces. Additional accuracy assessment could be 

tried with ICESat-2 altimetry data though the accuracy for ground elevation doesn’t exceed the 

accuracy of the 2016 DEM (Wang et al., 2019). Nonetheless, these are considered as possible 

solutions for further data improvement.  

 
6.4.2 Geodetic mass balance 
Besides the DEM quality, the volume change results are affected by the glacier outlines and the 

void filling methods. Differentiating seasonal snow is difficult even from high resolution imagery 

(Paul et al., 2017) and probably affect the area change estimates. However, manual digitizing is 

necessary for defining the extent from historical imagery as shortwave-infrared (SWIR) band that 

is often used to automatically derive glacier outlines doesn’t exist. The probable inclusion of 

seasonal snow and other uncertainty in manual digitization were accounted for by the higher 

uncertainty that was drawn on basis of previous studies (Paul et al., 2017) (Huber et al., 2020). 

Void interpolation may largely affect the volume change estimates but can be minimized by 

selection of interpolation method (McNabb et al., 2019). Besides selecting recommended 

interpolation methods, filtering was applied in the void filling to make sure enough valid cells are 

used in the interpolation (Huber et al., 2020). By applying proven methods and accounting for the 

known error sources, the geodetic MB results expressed in this study are believed to show 

reasonable glacier change estimates.  

 
6.4.3 OGGM 
The global design of OGGM is likely to cause some uncertainty when applied for a small region. 

The reference glacier network is sparse in the Greenland ‘s GICs which causes long interpolation 

distances of the calibration data, thereby not necessarily representing the conditions in the study 

area (Maussion et al., 2019). Another consideration is how well the model solves variation due to 

local topography. OGGM downscales the climate data to 10’ (approximately 6.5 km at the study 

area) whereas Noël et al. (2016) showed how a statistical downsampling of 11km SMB product 

from regional climate model (RACMO2.3) to 1 km grid produced more realistic SMB in rugged 

terrain. Further, the 1 km product includes different components of SMB (Noël et al., 2016) 

whereas the OGGM on default provides MB at an elevation from global climate datasets 



  36 

(Maussion et al., 2019). The greatest source of uncertainty in future simulation comes from the 

scenario uncertainty which is followed by GCMs, glacier models and further, natural climate 

variability and the accuracy of the glacier inventory (Marzeion et al., 2020). The re-calibration of 

OGGM with geodetic MB data should be assessed in more detail in a region with long-term 

annual MB reference data to reliably estimate for the calibration procedure. After this, comparable 

future simulations for small regional setting against regional climate models could be performed. 

However, this remained beyond the scope of this study and could be addressed in future research. 

 

7. Conclusion 
This study demonstrated the use of historical aerial imagery to extend temporal range in glacier 

change studies. A new DEM dataset was produced from the imagery of 1953/54 and was 

compared to existing datasets representing 1985 and 2016 surfaces to quantify glacier changes 

over 6 decades. In addition to extended regional MB estimates, previously unidentified glacier 

advances possibly linked to surging were observed. The study also explored the potential of using 

geodetic MB records to locally re-calibrate OGGM for modelling. 

 

The measured glacier area reduced 19% within the study period. The results from geodetic MB 

show change from near equilibrium MB in 1953-1985 to mass loss in 1985-2016. Between the 

same periods the surface lowering on glaciers shifted to higher elevation covering the whole 

elevation range in 1985-2016. In contrast to the glacier retreat and mass loss, increasing surface 

elevations near the glacier front and glacier advances were also observed. The relation of these 

changes to possible surging was assessed based on earlier classification of surging and by 

observing surge-related features from optical imagery. The observed glacier advances show that 

despite the recent mass losses on glaciers, the possibility for surging shouldn’t be neglected in the 

glacier change studies on regions where surging is known to occur.  

 

The comparison of the OGGM MB to the geodetic results showed the OGGM should be used 

with caution if applied solely on areas without direct MB observations for calibration. Further 

analysis of the model performance in an area with direct observations would be needed to assess 

the applicability of recalibrating the model with fit to geodetic MB.  
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Appendices 
 
Appendix 1. 1953 DEM co-registration before co-registering in subsets 
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Appendix 3. 1953 DEM co-registration of the NE subset 
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Appendix 4. 1953 DEM co-registration of the SE subset  
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Appendix 5. 1953 DEM co-registration of the NW subset 
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Appendix 6. 1953 DEM co-registration of the SW subset  
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Appendix 7. 1953 DEM co-registration of the mosaiced sub-region co-registrations  
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Appendix 8. 1985 co-registration 
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Appendix 9. Observed surge related features on probable and unknown surging glaciers. The year 

refers to the imagery where the features were observed.  
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Appendix 10. Glacier retreat on probable surge glacier RGI60-05.01920. 
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Appendix 11. Glacier advance on probable surge glacier RGI60-05.01987. Early looped moraine 

feature is pointed by arrow in the 1985 image. Arrows on the 2016 image point to geomorphological 

features implying further extent, which was confirmed from Landsat 7 image. 
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Appendix 12. Geo- and glaciomorphological features observed on RGI60-05.02113. The arrows 

point to the pothole field that developed from the crevassed region of 1953. In 1985 and 2016 images 

arrow points to the terminal moraine that suggests the glacier was still advancing in 1953 because the 

moraine is absent in 1953 and further than the glacier front. In 1953 image, looped moraine was 

visible on the adjacent glacier RGI60-05.2306. 
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Appendix 13. Glacier advance in 1985-2016 on RGI60-05.02280 
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Appendix 14. Glacier advance in 1985-2016 on RGI60-05.02297. The arrows point the crevassed 

surface on RGI60-05.02216. 
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Appendix 15. Glacier retreat on RGI60-05.02108 
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Appendix 16. Extracted surface profiles and OGGM computed bed profile on RGI60-05.02328 

 


