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Archive oblique aerial imagery offers the potential to reconstruct the former geometry of valley glaciers and other
landscape surfaces. Whilst the use of Structure-from-Motion (SfM) photogrammetry with multiview stereopsis
(MVS) to process small-format imagery is nowwell established in the geosciences, the potential of the technique
for extracting topographic data from archive oblique aerial imagery is unclear. Here, SfM-MVS is used to recon-
struct the former topography of two high-Arctic glaciers (Midtre and Austre Lovénbreen, Svalbard, Norway)
using three archive oblique aerial images obtained by the Norwegian Polar Institute in 1936. The 1936 point
cloud was produced using seven LiDAR-derived ground control points located on stable surfaces in proximity
to the former piedmont glacier termini. To assess accuracy, the 1936 data set was compared to a LiDAR data
set using the M3C2 algorithm to calculate cloud-to-cloud differences. For stable areas (such as nonglacial sur-
faces), vertical differences were detected between the two point clouds (RMS M3C2 vertical difference of
8.5 m), with the outwash zones adjacent to the assessed glacier termini showing less extensive vertical discrep-
ancies (94% of M3C2 vertical differences between ±5 m). This research highlights that historical glacier surface
topography can be extracted from archive oblique aerial imagery, but accuracy is limited by issues including the
lack of camera calibration, the quality and resolution of the archive imagery, and by the identification of suitable
ground control. To demonstrate the value of historical glacier surfaces produced using oblique archive imagery,
the reconstructed glacier surface topography is used to investigate evidence of a potential former surge front at
the high-Arctic valley glacier, Austre Lovénbreen — a glacier identified to have potentially exhibited surge-type
behaviour during the Neoglacial. A surface bulge of ~15–20 m is resolved on the 1936 model; however, when
comparedwith the now deglaciated former subglacial topography, a surge origin for the surface feature becomes
unclear. The processed 1936 oblique imagery was also used to produce orthorectified nadir aerial imagery, from
which structural mapping was undertaken: this adds to the existing 1948–1995 structural map series for these
glaciers. This research demonstrates the potential of SfM-MVS for reconstructing historical glacier surfaces,
which is important for aiding our understanding of former glacier dynamics and enabling the rapid assessment
of glacier change over time.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The aim of this research is to demonstrate the use of archive oblique
aerial imagery to reconstruct glacier surface topography using Struc-
ture-from-Motion with multiview stereopsis (SfM-MVS). This research
is important because the technique has the potential to aid our under-
standing of early twentieth century glacier change prior to the period
of the directmeasurement of glaciers in the secondhalf of the twentieth
century. The potential of this technique is significant given the vast ar-
chives of underutilised early twentieth century imagery. The record of
glacier change obtained from direct measurement, as published by the
gley).

. This is an open access article under
World Glacier Monitoring Service (WGMS, 2015), is concentrated with-
in the second half of the twentieth century. For example, in Svalbard, re-
cords of glacier mass balance extend back to the 1950s (Hagen and
Liestøl, 1990), but are restricted to a few study sites. Nadir aerial imag-
ery (i.e. imagery obtained from an aerial platform with a view straight
down) is often used to extend glacier records prior to the period of di-
rect mass balance and satellite monitoring (Bjørk et al., 2012; Kjær et
al., 2012; Kjeldsen et al., 2015). Kjeldsen et al. (2015) used archive
nadir aerial images to produce glacier DEMs of outlet glaciers from the
Greenland Ice Sheet, highlighting the potential of archive aerial photog-
raphy for glaciological monitoring.

Whilst nadir imagery is commonly used, oblique aerial imagery can
also beused for similar purposes, although the extraction of topographic
data is limited by the viewshed (visibility) of each image. In Svalbard,
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the Norwegian Polar Institute collected oblique aerial imagery in 1936
and 1938 to produce the first accurate maps of Svalbard at a scale of
1:100,000 with topography presented as 50-m contours (Nuth et al.,
2007, 2013). The 1936/38 topographic data set is often used by glaciol-
ogists as a historical data set for estimating twentieth century glacier
volume change (e.g., Kohler et al., 2007; Sund et al., 2009; Lapazaran
et al., 2013). Specifically, Nuth et al. (2007) used the 1936 topographic
data to calculate a 16% reduction in glacier coverage between 1936
and 1990 for western and central regions in Svalbard. Kohler et al.
(2007) used the 1936 topography to calculate long-term glacier change
at Slakbreen andMidtre Lovénbreen.Midtre Lovénbreenwas calculated
to be thinning at an accelerated rate from 2003 to 2005 compared to the
1936–1962 study period (Kohler et al., 2007). However, difficulty in
using this oblique aerial imagerywas highlighted by James et al. (2012).

Oblique aerial imagery also provides an opportunity to study glacier
dynamics, including assessment of surge-type behaviour, locating
glacier frontal positions, and interpreting the significance of glacier
structures (e.g., Dowdeswell and Benham, 2003; Glasser et al., 2004;
Hambrey et al., 2005; Kristensen and Benn, 2012; Midgley et al., 2013).

Whilst the use of SfM-MVS for close range and small-format aerial
image processing is now commonplace (e.g., Westoby et al., 2012;
Tonkin et al., 2014, 2016; Nolan et al., 2015; Ryan et al., 2015), few stud-
ies have used SfM-MVS for the purposes of producing orthorectified im-
agery and surface models from archive nadir aerial imagery (Gomez et
al., 2015; Ishiguro et al., 2016; Tonkin et al., 2016). With the exception
of Frankl et al. (2015), published case studies that solely report on the
effectiveness of SfM-MVS for processing archive oblique aerial imagery
are rare. This photogrammetric technique has potential benefits as the
camera pose and scene geometry are all automatically calculated
using iterative algorithms (Westoby et al., 2012). For archive imagery,
where camera information is missing (but ground control can be ap-
plied if areas of unchanged surface topography exist), quantitative
data can be rapidly extracted where imagery is sufficiently overlapping.
This allows for a dense cloud of points to be generated using multiview
stereo reconstruction. Eltner et al. (2016) and Smith et al. (2015) provide
excellent reviews of the technique and its recent geoscientific applica-
tions. Whilst the application of photogrammetry in glaciology has a
long history (e.g., Finsterwalder, 1931; Finsterwalder, 1954; Fox and
Nuttall, 2007; Kjeldsen et al., 2015; King et al., 2016), uncertainty re-
mains regarding whether the SfM-MVS method can produce data of an
appropriate quality to benefit our understanding of former glacier char-
acteristics. Furthermore, the processing of archive oblique aerial imagery
Fig. 1. The location of Midtre Lovénbreen (ML) and Austre Lovénbreen (AL), Svalbard, and
is of interest not only for understanding long-term glacier response
in Svalbard but also for areas such as North America, Greenland,
the Antarctic, and Himalaya, where the scientific potential of oblique
image archives are yet to be realised. Methods for utilising oblique
aerial image sets for glaciological applications are needed; thus, in
this study the effectiveness of the SfM-MVS workflow for this pur-
pose is investigated.

2. Study site

The potential of the SfM-MVS method applied to archive oblique
aerial imagery is explored using Midtre and Austre Lovénbreen as
examples. These two small (currently ca. 4-km-long glaciers, but
previously ca. 5-km-long at the Neoglacial maximum) valley glaciers
are located on Brøggerhalvøya, northwest Spitsbergen, in the Sval-
bard archipelago (Fig. 1). The likely Neoglacial maximum extent of
Midtre Lovénbreen was photographed by Hamberg (1894) in
1892 CE (the image was also reproduced by Hambrey et al., 2005).
The mass balance record of Midtre Lovénbreen dates back to 1968,
with currently published data to 2013 (WGMS, 2015) and shows a
negative mass balance over the observation period with the excep-
tion of only four years. Svalbard experiences a relatively mild climate
for its latitude. For example, nearby Ny-Ålesund (ca. 5 km from the two
glaciers) experienced amean annual temperature of−6.3 °C from 1961
to 1990 and −5.2 °C from 1981 to 2010 (Førland et al., 2011). Midtre
and Austre Lovénbreen have been subject to debate regarding the po-
tential for surge-type behaviour. Jiskoot et al. (2000) suggested that
Midtre Lovénbreen was not surge type, whereas Hansen (2003) sug-
gested that it had surged in the past but could no longer be classified
as a surge-type glacier. Hambrey et al. (2005) also concluded that
Midtre Lovénbreen was either not a surge-type glacier, or at least had
not surged for several hundred years. However, King et al. (2008) sug-
gested that the character of the basal material would not support fast
glacier flow. The nearby Pedersenbreen has very clear evidence of re-
peated surge activity (Glasser et al., 2004). A potential surge front was
reported based upon the visual assessment of the oblique aerial imagery
taken by the Norwegian Polar Institute in 1936, on the adjacent Austre
Lovénbreen (Midgley et al., 2013). A steep surge front has been identi-
fied at other glacier surges (e.g., Murray et al., 1998; King et al., 2016)
and is, therefore, a potential diagnostic feature of surge activity.
Farnsworth et al. (2016) reported Austre Lovénbreen as a potential
surge-type glacier by using the presence of crevasse-squeeze ridges as
the locations of the images used to reconstruct the 1936 glacier surface topography.
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Fig. 2. Example image used for surface reconstruction showing the masked area, location
of ground control points, and identification of Midtre Lovénbreen (ML) and Austre
Lovénbreen (AL). Aerial photograph S36 1553 is published with permission of the
Norwegian Polar Institute.
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an indicator of former surge activity. Here, using archive oblique imag-
ery of Midtre and Austre Lovénbreen, the former (1936) surfaces of
Midtre Lovénbreen and Austre Lovénbreen are investigated for evi-
dence of surge-type behaviour using SfM-MVS data generated by this
research.

3. Methods

3.1. Model generation

Three oblique aerial images of Brøggerhalvøya (Table 1), obtain-
ed by the Norwegian Polar Institute (NPI) in 1936 (positions
delimited in Fig. 1), were processed using SfM-MVS software
(Agisoft PhotoScan, v. 1.2.3) to produce a dense point cloud of the
surface and an orthorectified image of area covering parts of Midtre
and Austre Lovénbreen and the surrounding area. The oblique im-
ages were captured at an altitude of ~3000 m using a Zeiss RMK
P21/18 camera with a nominal focal length of 21 cm and image size of
18 × 18 cm (Aas, pers comms.). The scanned images have a resolution
of 1841 dpi (12,962 × 12,970 pixels); however, the clarity of the images
is reduced by minor blurring on the scanned images. Given the oblique
nature of the imagery, the ground resolution of the imagery varies from
0.42 to 0.44 m per pixel along the coastline and increases to 0.50–
1.77 m per pixel along the glacier midpoints. The foreground of each
image includes a field of view of around 5 km, whereas the background
of each image includes a field of view in excess of 50 km (Fig. 2). The
image processing workflow involves: (i) undertaking an image quality
check; (ii) the application of amask over unwanted parts of the scanned
images; (iii) alignment of images using the high accuracy and generic
pair preselection setting; (iv) building of the dense point cloud using
the medium quality point setting; (v) building of the mesh from the
dense point cloud and height field surface type, which is optimised for
aerial images; and (vi) texture produced using the generic setting. The
image quality check reports a value between 0 and 1 and images with
quality values under 0.5 should be discarded from the processing
workflow. The image quality values of the three images processed
were assessed as 0.61, 0.62, and 0.64, which is below the 0.7 quality
threshold that the authors have adopted elsewhere for contemporary
low-level, small-format aerial imagery (e.g., Tonkin and Midgley,
2016). As the area of interest was only covered by a small proportion
of each image (b26%; Fig. 2; Table 1), a mask was applied to each
image to exclude areas beyond the study area and the fiducial markers
from the processing (e.g., water bodies such as Kongsfjorden). The
resulting scene was reconstructed using 3500 tie points between the
three images, with the peripheral areas of the scene reconstructed
from two images and the central area from three images (Fig. 1). The
mediumpoint density settingwas found to produce the highest density
point cloud results (~2.8 million points) as the software was unable to
produce a usable point cloud with the high point density setting. After
Barrand et al. (2009), ground control coordinates were derived from
an existing LiDAR data set that was collected in 2003 by the Natural En-
vironment Research Council Airborne Research Survey Facility (NERC
ARSF). As reported by Barrand et al. (2009), the LiDAR data density
varies according to scan height and the presence of swath overlaps
Table 1
Image details and camera locations.

1936 image ID Field of view along
coastline (km)

Approximate ground resolution
(m per pixel)

Coastline Glacier mid-point

S36_1552 ~5.4 0.42 1.77
S36_1553 ~6.5 0.50 0.61
S36_1554 ~7.5 0.58 0.65

a UTM projection.
b Ellipsoid height.
with an estimated ∼1.15 points m−2 spatial resolution over the entire
data set. The LiDAR data set is not error free, but a likely error of around
±0.2 m gives confidence that it provides a usable data set for compar-
ison. The distribution of ground control (thus area of interest) was lim-
ited to the extent of the LiDAR point cloud, which covered the entirety
of Midtre Lovénbreen, and the western terminus of Austre Lovénbreen.
The location and spatial distribution of ground control points were de-
termined by the identification of prominent features that have under-
gone limited change between the 1936 imagery and the 2003 LiDAR.
This meant that a large part of the image scene, such as the glacier sur-
face, the outer-frontal moraine complexes, and the proglacial outwash
were unsuitable for ground control location. A total of seven ground
control points were used, two of whichwere located on amountainside
andmountain summit and five ofwhichwere located on bedrock ridges
found outside the Neoglacial maximum extent of Austre and Midtre
Lovénbreen (Fig. 2). Ground control points were identified on either
two or three images depending on the degree of overlap (Fig. 1). Once
the model was optimised, the total RMS (root-mean-square) error for
these ground control points was 4.5 m.

3.2. Accuracy assessment of the 1936 surface model

Validation of the SfM-MVS derived surface model was conducted by
using points from ‘stable terrain’ (e.g., the relatively stable nonglacial
% of image used Estimated camera position (m) Distance to area
of interest (km)

Xa Ya hb

23 439,498 8,767,652 3125 ~8
26 441,850 8,766,989 3104 ~8
17 444,257 8,766,464 3125 ~9
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surfaces) located on fixed bedrock areas, and frommountain sides adja-
cent to the glaciers of interest (Fig. 1). Thiswas conducted by comparing
the NERC 2003 LiDAR point cloud to the dense point cloud produced
using SfM-MVS with the 1936 images. A range of approaches have
been adopted for validating SfM data (Smith and Vericat, 2015), each
of which has merits and drawbacks (Carrivick et al., 2016). Here, the
M3C2 (Multiscale Model to Model Comparison) plugin by Lague et al.
(2013) was used, with the analysis undertaken in CloudCompare (v.
2.6.2); an open source three-dimensional point cloud software package.
The M3C2 calculates the mean cloud-to-cloud difference and can be
undertaken for surface normal directions where they can be robustly
calculated (e.g., Lague et al., 2013; Westoby et al., 2016). However,
here, only vertical directions were analysed as a measure of disagree-
ment between the 1936 SfM-MVS point cloud and the reference
LiDAR data set. This analysis is analogous to gridded DEM analysis
(Lague et al., 2013) but has the benefit of comparing the raw point
clouds, circumventing additional uncertainty associated with DEM
production. Furthermore, a limited viewshed will generate excessively
interpolated topographic data (e.g., Westoby et al., 2012). By only com-
paring the point clouds, only areas where topography can be recon-
structed are compared, thus reducing apparent error associated with
interpolation error. Asmuch of the landscape has undergone significant
alteration over the course of the twentieth century, nonglacial surfaces
were compared to estimate vertical differences on the resulting recon-
structed topographic data (Fig. 1). These areas covered the outwash
plains in front of Midtre and Austre Lovénbreen, a series of bedrock
ridges and the camera-facing flanks of mountains adjacent to the two
glaciers (Fig. 1). To assess the horizontal accuracy of the orthorectified
image output, a qualitative comparison was made between fixed land-
scape features visible on the NP Ortofoto Svalbard WMTS 25833 layer
provided by the Norwegian Polar Institute (NPI).
A

B

Extent of 
2003 LiDAR

Fig. 3. (A) A point cloud generated from three 1936 oblique aerial images using SfM-MVS. The c
the referenceNERC 2003 LiDARdata. Red represents positive vertical difference between the193
vertical difference. The recession of Austre and Midtre Lovénbreen between 1936 and 2003 is
figure legend, the reader is referred to the web version of this article.)
3.3. Structural glaciological mapping from 1936 orthorectified imagery at
Austre and Midtre Lovénbreen

Glacier surface features were mapped in a similar manner to that of
Hambrey et al. (2005) who documented the structural glaciology of
Midtre Lovénbreen in 1948, 1966, 1971, and 1995 but were unable to
map features from the 1936 oblique imagery. The structures mapped
by Hambrey et al. (2005) included primary stratification, longitudinal
foliation, crevasse traces, arcuate upglacier-dipping fractures, and longi-
tudinal splaying fractures in the terminus area. Here, these features
were mapped as linear units from the orthorectified aerial imagery
within ArcGIS 10.3.1. The contrast and brightness of the raster data
sets weremanipulated to aid identification of structures from the raster
data sets. Linear structural units were mapped and interpreted on the
basis of feature form and spatial distribution.

4. Results

4.1. Accuracy assessment of the 1936 SfM-MVS data

The stable areas located in the outwash zones adjacent to the glacier
termini provided an RMS vertical M3C2 difference of 2.9 m, with 94% of
M3C2 vertical distances within ±5 m (Fig. 3; Table 2). The vertical
differences in the proglacial zone are negatively skewed, with a
mean difference of −0.8 m (σ = 2.9 m) highlighting that, on aver-
age, the reproduced 1936 topographic data falls below the reference
data set in this area. Including mountain sides within the analysis
area yielded an increased RMS vertical M3C2 difference of 8.5 m
and a mean M3C2 difference of 0.5 m (σ = 8.5 m). Areas of vertical
disagreement (i.e. where the reconstructed 1936 topography is ver-
tically lower than the reference LiDAR data set) include mountain
0 1000 m
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—

2003-LliD
A

R
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)

loud contains ~2.8million points. (B) Vertical difference between the 1936 point cloud and
6 SfM-MVSdata set and the reference 2003 LiDARdata set;whereas blue shows a negative
clearly constrained by this analysis. (For interpretation of the references to colour in this



Table 2
Summary table assessing vertical differences between stable nonglacial areas of the 1936 surface against NERC 2003 LiDAR data.

Area Number of M3C2
vertical distances

Vertical difference (m) %

Mean difference Standard deviation Root-mean-square Min Max ±5 m ±10 m ±20 m

Outwash/bedrock 6474 −0.8 2.8 2.9 −26.5 25.3 94 99 100
Mountain sides 15,273 3.6 14.5 14.9 −77.9 109.9 29 56 87
All ‘stable’ areas 21,747 0.5 8.5 8.5 77.9 109.9 75 86 99
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sides and summits where vertical differences exceed 10 m. Assessed
separately, mountain sides show considerably greater variation than
other assessed ‘stable’ areas (Table 2).

The orthorectified imagery appears to be well aligned with an NPI
orthorectified aerial image with displacements typically b10 m. This is
highlighted in Fig. 4, which shows a series of features on modern NPI
orthorectified imagery and on the orthorectified 1936 imagery pro-
duced here. Alsoworth noting is that the NPI data set used for this com-
parisonwill not be error free. The direction that the imagery is displaced
varies across the imagery, largely relating to local deformations caused
by the distribution of ground-control points applied during the image
processing.

4.2. Structural glaciological mapping from 1936 orthorectified imagery at
Austre and Midtre Lovénbreen

The orthorectified imagery provides an opportunity to map the
distribution of structural features present on Austre and Midtre
Lovénbreen (Fig. 5). Arcuate structures transverse to glacier flow are
identified up-glacier of the piedmont terminus on Midtre Lovénbreen.
Similar structures are less readily identified on Austre Lovénbreen be-
cause of the poorer image texture on the orthophoto used for structural
mapping. Additional transverse to flow features occur in proximity to
the glacier termini of Austre and Midtre Lovénbreen; however, unlike
transverse features located up-glacier, the transverse to flow features
in proximity to the glacier termini are less intensely folded. In places,
the transverse features in proximity to the termini appear to be debris
bearing, resulting in discrete accumulations of supraglacial debris.

Linear features, which run approximately parallel to glacier flow, are
also identified in proximity to the termini of Austre and Midtre
Lovénbreen. On Austre Lovénbreen, one such feature appears to be de-
formed in proximity to a surface bulge on the glacier surface on the
left of the glacier (Fig. 5).

The termini of both glaciers contact theNeoglacialmoraine ramparts
and are debris-laden, with debris stripes located down-glacier of linear
features running parallel to the direction offlow. Additional supraglacial
debris in the form of a medial moraine are located on the left side of
Midtre Lovénbreen, originating from the confluence between two flow
units, including a small cirque basin that has subsequently detached
from the main glacier terminus (Hambrey et al., 2005).

4.3. Assessment of glacier topography

Profiles across the former 1936 surfaces of Midtre and Austre
Lovénbreen, as reconstructed from the oblique aerial imagery, are
shown in Fig. 6. Based on the SfM-MVS reconstruction, both glaciers
attained a termini ice thickness of up to ~80 m in 1936. In contrast to
Midtre Lovénbreen, an ~15–20 m high (at ~300–600 m along the pro-
file) surface bulge was resolved by the SfM-MVS process on the surface
of Austre Lovénbreen — a feature that was previously interpreted as a
potential surge front by Midgley et al. (2013). By analysing the glacier
surface, as reconstructed by the SfM-MVS process alongside the 2003
LiDAR data set, the relationship between the surface and subglacial to-
pography can be assessed. At ~300 m along the 2003 profile, a 30-m
drop in former subglacial elevation can be seen (Fig. 6). This drop in sur-
face elevation is alsomirrored by the reconstructed 1936 glacier surface.
5. Discussion

5.1. Effectiveness of SfM-MVS for reconstructing former glacier surfaces

A number of factors contribute to the quality of the resulting recon-
structed topography. Ground control is a principal requirement for pro-
ducing georeferenced data using the SfM-MVS technique and is critical
if the resulting point cloud and derivative data are to accurately repre-
sent the reproduced surface. Suitable ground control features need to
be identified on multiple image sets. Here, the poor quality imagery
(PhotoScan image quality values of 0.61, 0.62, and 0.64) was found to
limit the identification of suitable features that could be used for ground
control. Unlike nadir imagery, where features such as mountain sum-
mits and ridges are more readily identified (e.g., Barrand et al., 2009)
with distance from the camera, features on the oblique imagery are
less well defined. Here, seven ground control points of sufficient quality
on the imagery were used to produce the SfM-MVS data set. This con-
trasts with the work of Barrand et al. (2009), where up to 50 ground
control points were used to obtain low error on a nadir image set col-
lected by the NERC ARSF in 2003. For the NPI imagery, robust ground
control is more likely to be identified in the foreground of the imagery,
leaving parts of the reconstructed scene (e.g., the accumulation areas of
the glaciers) unconstrained.

Despite the preferential selection of ground control locations in the
foreground of the imagery, which were covered in greater detail
owing to the oblique nature of the imagery, the quality of the imagery
results in suboptimal ground control identification and placement.
Fixed features can be blurred or poorly distinguished in the source im-
agery resulting in potential errors of around5m— an issue that is inher-
ent to the quality of the archive oblique imagery used. Error results from
high-precision coordinate values (e.g., centimetre precision) being ap-
plied to ‘points’ on the imagery that are several metres across or poorly
defined. For small-format aerial imagery, poorly distributed ground
control points have been linked to degraded surface reconstruction
(e.g., Clapuyt et al., 2016; Tonkin and Midgley, 2016) — an issue that
will also affect the quality of topographic data produced from archive
imagery. A further issue relates to the dynamic nature of the high-Arctic
environment where features (e.g., most surfaces with the exception of
bedrock) in the landscape are unlikely to be fixed over long periods be-
cause of degrading permafrost and glacier recession. Ground control
points are, therefore, limited to stable (nonglacial) locations within
the image scene, which may leave large areas of the surface model un-
constrained and subject to potential error. Vertical difference increased
when the mountain sides were included, most likely caused by poorly
constrained topography because of a limited viewshed, shading, and
steep terrain. The association between slope and topographic error is
well established. For example, Nuth et al. (2007) found that horizontal
mismatches between the 1936 contour map and 1990 NPI DEM pro-
moted vertical differences, which were exaggerated on steep terrain.

Ground controlwas located in excess of 7 km from the reconstructed
camera positions (Table 1), with the immediate foreground of the
imagery covering water (Fig. 2; Kongsfjorden) and with the back-
ground field of view exceeding 50 km, making large parts of the im-
agery redundant for the application of ground control. The 7 km
distance between camera location and ground control location is by
far in excess of the typical distance undertaken for nadir aerial
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imagery, where the camera positions typically are located closer to
the reconstructed surface (e.g., 1.6 km; Arnold et al., 2006; Barrand
et al., 2009). Despite this, the findings demonstrate that ground con-
trol can be applied to archive oblique imagery of this type; however,
lower error resulting from this source would be permitted where
camera positions are located in closer proximity to the reconstructed
scene. Survey range appears to be a key control on the quality of sur-
face reconstruction (Smith and Vericat, 2015). For example, in a re-
cent study by Mosbrucker et al. (in press), 67 SfM data sets were
analysed, with the authors reporting that ‘nominal ground sample
distance’ as a variable explains 68% of the variability in mean abso-
lute vertical error. As such, the variable ground sample distance
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(Table 1) on the oblique archive imagery used here will contribute to
error on the resulting data and limits the achievable accuracy of this
approach.

Despite these issues, the results indicate that aerial imagery can be
successfully used to reconstruct former glacier topography, with ex-
pected vertical accuracies typically within 10 m (Table 2). Whilst the
original 1936 contour map has provided a reference data set for
assessing long-term glacier change (Kohler et al., 2007; Sund et al.,
2009; Lapazaran et al., 2013), SfM-MVS processing of the oblique imag-
ery provides significantly greater detail for glaciological applications.
Nuth et al. (2007) highlighted an average elevation difference of
−3.1 m (σ = 12.2 m) for nonglacier land elevation differences when
the digitised 1936 data set was compared to the 1990 NPI DEM. Al-
though the reconstructed topography presented here only represents
a small proportion of the study area of Nuth et al. (2007), the results
provide average elevation difference of −0.6 m (σ = 9.6 m), demon-
strating that the reprocessing of archive oblique aerial imagery should
bed
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result in an increase in accuracy compared to digitised contours. Fur-
thermore, Nuth et al. (2007) highlighted that some contours on the
original 1936 data were estimated and hand drawn where visibility of
landscape features (e.g., areas obscured bymountains) was insufficient.
By using SfM-MVS, a point cloud and surface can be produced rather
than previous approaches that have digitised polylines from historical
maps that require interpolation to produce a surface. Where aerial im-
agery is reprocessed, areas of topography less confidently reconstructed
can be readily identified and a better understanding of error obtained,
circumventing issues related to estimated hand-drawn contours. Here,
topography was resolved from three images, with part of the scene re-
constructed from only two overlapping images. The results highlight
that oblique stereo image pairs can be used to extract geometric infor-
mation using SfM-MVS, although additional imagery is preferable.

The potential to extract topographic data from archive imagery
using this approach is clear; however, the purpose for which the data
is used needs to be assessed alongside the error levels. Error, which is
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inherent to all topographic data, limits the application of this technique
for estimating changes smaller than the magnitude of error. Despite
this, areas such as glacier termini arewell resolved by the SfM-MVS pro-
cess, with glacier change captured between the 1936 SfM-MVS data set
and the 2003 LiDAR ‘reference’ data set, demonstrating the high fidelity
with which former surfaces can be reconstructed. Given the effective-
ness of SfM-MVS for the extraction of topographic data from archive
oblique aerial imagery, future research investigating whether the tech-
nique can also be applied to terrestrial image archives for the purpose of
historical glacier reconstruction is logical.

Small-scale topographic features on the glacier surface can be re-
solved by the SfM-MVS process allowing the morphometric statistics
to be calculated. In the example investigated here, SfM-MVS derived
data aid the interpretation of former glacier dynamics. The SfM-MVS
method also provides an opportunity for oblique imagery to be used
to identify and map former structural glaciology, providing insight
into the dynamic response of glaciers over time. Hambrey et al. (2005)
highlighted that the oblique nature of the 1936 original imagery made
it difficult to observe and map glacier structures. Here, by producing
orthorectified imagery from only three images along the 1936 flight
plan, a range of glaciological structures on the 1936 surface of Austre
and Midtre Lovénbreen were mapped (Fig. 6).

5.2. Interpretation of structural glaciology from 1936 orthorectified imag-
ery at Austre and Midtre Lovénbreen

The interpretation of structural glaciology is based on the spatial dis-
tribution and orientation of mapped features. As the flow-parallel fea-
tures occur down-glacier of folded structures running approximately
transverse to glacier flow (Fig. 5), the features primarily signify the
transposition of layering (stratification) that becomes progressively
folded down-glacier into longitudinal foliation parallel to ice flow. The
presence of foliation and folding of primary layering highlight strong
lateral compression at both glaciers. The locations of these mapped fea-
ture are consistent with longitudinal foliation structures that typically
occur at the confluence between flow units and in areas of lateral com-
pression (related to the topographic controls on glacier geometry;
Hambrey and Lawson, 2000; Roberson, 2008; Jennings et al., 2014),
with the debris component relating to the incorporation of passively
transported rock-fall debris at the accumulation basins of Austre and
Midtre Lovénbreen (Hambrey et al., 1999).

Transverse features occurring in proximity to the glacier termini are
interpreted as fractures including thrusts after Hambrey et al. (2005),
who identified similar features at Midtre Lovénbreen using uncorrected
nadir imagery from 1948, 1966, and 1995. The propagation of debris
from these features onto the glacier surface provides evidence of the
down-wastage of Midtre and Austre Lovénbreen since the Neoglacial
maximum that occurred ca. 1900 (Hambrey et al., 2005). Critically,
open crevasses are not visible on the imagery, suggesting that by 1936
Midtre and Austre Lovénbreen had responded significantly to amelio-
rating twentieth century conditions (e.g., Hambrey et al., 2005; Lovell
et al., 2015) resulting in reduced dynamism and ice stagnation.

5.3. Is there evidence of a surge front propagating down Austre Lovénbreen
in 1936?

The surge type character of glaciers on Brøggerhalvøya has been de-
bated (e.g., Jiskoot et al., 2000; Hansen, 2003; Glasser et al., 2004; King
et al., 2008). Midgley et al. (2013) identified a surface bulge, which
was suggested could relate to a surge front on the surface of Austre
Lovénbreen, based upon the interpretation of a single oblique 1936 ae-
rial image. Here, the surface bulge is resolved by the SfM-MVS method;
however, when assessed alongside the 2003 topographic data, doubt is
cast on the validity of this interpretation. Specifically, the topography of
the glacier surface appears to mirror that of the subglacial topography
below the former bulge (Fig. 6). Whether the surface bulge simply
reflects glacier flow over subglacial topography or represents the rem-
nants of a former surge front propagating down Austre Lovénbreen in
1936 is, therefore, unclear.

Farnsworth et al. (2016) mapped crevasse-squeeze ridges across
Svalbard from aerial imagery, using the presence of the landforms as
evidence for former surge-type glacier behaviour. However, the loca-
tion of the crevasse-squeeze ridges mapped by Farnsworth et al.
(2016) in the proglacial area of Austre Lovénbreen is unclear. As
such, the surge-type character of Austre Lovénbreen remains uncer-
tain. This work highlights that care must be taken when interpreting
former glacier dynamics from archive imagery but also how modern
SfM-MVS photogrammetric approaches can be used alongside recent
topographic data sets to evaluate former glacier surfaces, especially
where glaciers have receded sufficiently to allow for former subgla-
cial topography to be mapped.

6. Summary and conclusions

The SfM-MVSmethod has huge potential for glaciologistswishing to
visualise rapidly archive oblique imagery in three-dimensions. The
technique, however, requires a number of issues to be considered
prior to its application, such as the horizontal and vertical errors that
may occur because of poor image quality, image resolution, and a limit-
ed spread of ground control points. These issues require consideration if
quantitative measurements are required from the reconstructed
geospatial data. Nevertheless, the technique is demonstrated to result
in well-resolved topographywith high fidelity, as demonstrated by lim-
ited vertical differences between the nonglacial areas on the 1936 data
set and 2003 LiDAR point clouds (e.g., producing 94% of M3C2 vertical
differences within ±5 m for areas adjacent to the former glacier termi-
ni). Furthermore, this research demonstrates how the data reconstruct-
ed from archive oblique aerial images can be used to assess former
dynamics and undertake structural mapping. Here, a surface bulge on
the former 1936 surface of Austre Lovénbreen, which was previously
linked to potential surge-type behaviour, was investigated in relation
to the now exposed subglacial topography. Whilst Austre Lovénbreen
may have exhibited surge-type behaviour over the Neoglacial, the
‘bulge’ investigated here is not conclusively linked to the propagation
of a surge front in 1936 butmight simply relate to the now exposed un-
derlying bed topography. The structural mapping undertaken using the
1936 imagery adds to the existing 1948–1995 structuralmap series pro-
duced byHambrey et al. (2005). In summary, the application of the SfM-
MVS technique to archive oblique imagery offers an exciting avenue for
geoscientific research, offering a low-cost and rapid method to extract
topographic surface data and imagery from historical image sources
and warrants further consideration.
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