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1. Introduction

Understanding the dynamic response of former (palaeo) continental ice sheets to
climate change can provide valuable information for assessing the recent and
predicting the future behaviour of the ice sheets in Antarctica and Greenland and
their contribution to sea level rise (e.g. O Cofaigh and Stokes, 2008; Stokes et al.,
2015 and references therein). Subglacially-produced landforms - exposed after
glacial retreat - provide a rich record for reconstructing palaeo-ice sheets. Their
distribution allows former ice sheet extent, relative thickness and retreat patterns to
be reconstructed (e.g. Dyke & Prest, 1987; Boulton & Clark, 1990; Clark et al., 2004,
2012; Evans et al., 2005; Ottessen et al., 2008) and provides insight into ice sheet
dynamics, thermal regime and subglacial hydrology (e.g. Kleman, 1992; Clark &
Walder, 1994; Kleman & Borgstrom, 1996; Stokes & Clark, 1999; Kleman & Glasser,

2007; Margold et al., 2013, 2015; Storrar, et al., 2014; Livingstone et al., 2016).

Subglacial hydrological processes have been identified as a key factor of ice
sheet dynamics (e.g. [ken, 1981; Boulton et al., 2001; Anderson et al., 2004; Schoof,
2010; Bartholomew et al., 2010). However, as the bed of contemporary ice sheets
cannot be directly observed, the configuration of the subglacial drainage network is
largely inferred from tracer and borehole monitoring studies and the use of ice
dynamic proxies (e.g. Chandler et al., 2013; Andrews et al., 2014; Tedstone et al.,
2015). In contrast, palaeo-ice-sheet-beds provide direct access to the landforms
created by palaeo-subglacial meltwater drainage. These landforms can be used to
determine the properties of the former subglacial drainage system at an ice sheet

scale and throughout deglaciation, providing much needed context for spatially and
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temporally limited contemporary observations. Subglacial meltwater landforms, such
as meltwater channels, tunnel valleys and eskers, are widely observed in the
geological record (e.g. Wright, 1973; Sharp et al., 1989; Clark and Walder, 1994;
Greenwood et al., 2007; van der Vegt et al., 2012; Storrar et al., 2014, Livingstone
and Clark, 2016) and have been routinely employed in glacial reconstructions to
constrain former subglacial water flow direction, ice sheet surface slope and the
position of the ice margin. The vastly improved resolution and coverage of digital
elevation models (DEMs) today means that these landforms can be studied in
greater detail and more comprehensively for such purpose. The associated datasets
may thus also extend our understanding of some of the more complex processes
related to subglacial meltwater flow (e.g. Makinen et al., 2017; Clark and Livingstone,

2018).

Here we focus on elongated tracts of hummocks that have been variously termed
‘hummock corridors’, ‘glaciofluvial corridors’ or ‘subglacial meltwater corridors’ (e.g.
St-Onge, 1984; Rampton, 2000; Utting et al., 2009; Sharpe et al., 2017; Peterson
and Johnson, 2018). Hummock corridors are believed to record former large-scale
subglacial meltwater flow beneath ice sheets that is known to have been
widespread, but whose origin is not yet fully understood (section 2). Given this
uncertainty we use the non-genetic term ‘hummock corridor’ as per Peterson and
Johnson (2018). Hummock corridors have been previously detected at a range of
scales from field observations, aerial photographs, surficial geology maps and
remotely sensed data (see references within Utting et al., (2009) and Sharpe et al.,
(2017) for a review of previous work in Canada and Peterson and Johnson (2018) for

Sweden). The recent release of freely available high resolution DEMs (e.g.
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ArcticDEM, Ladmateriat and Finland’s National Land Survey) have vastly increased
the evidence base of glacial features on palaeo-ice sheet beds. So widespread in
fact, that the relatively slow process of manual mapping has become a major

bottleneck for obtaining information about these features.

The objective of this paper is to demonstrate the utility of a new automatic
method for mapping the large-scale distribution of hummock corridors from high-
resolution DEMs to gain insight into their formation. The method is developed and
tested on three test sites in northern Canada and northern Scandinavia. The success
of the method was quantitatively determined by its ability to reproduce the large-
scale distribution and morphometric characteristics (length and width) of the

manually mapped hummock corridors.

2. Hummock Corridors

Hummock corridors have been identified and studied in detail in Canada (St-
Onge, 1984; Rampton, 2000; Utting et al., 2009; Sharpe et al., 2017; Storrar and
Livingstone, 2017) and Sweden (Peterson et al., 2017; Peterson and Johnson,
2018). They are defined as elongated tracts of irregular shaped hummocks which
stand out from the surrounding smooth, streamlined bed (Fig. 1). Typical corridors
are a few km to over 100 km long and 100s of m to several km wide (Table 1). The
individual hummocks within the corridors vary in size (10s to 100s m in width/ length
in plan view), shape (mostly irregular) and relief (1 to 10s of m) (Peterson and

Johnson, 2018). In general, hummocks within the corridors tend to show no



101  consistent plan-form shape, although triangular-shaped hummocks have been
102 identified in some corridors in Finland (Makinen et al., 2017) and Sweden (Peterson

103 etal, 2017).
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105  Figure 1. Hummock corridors in Keewatin, Nunavut, Canada (ArcticDEM). The corridors are
106 aligned with and bordered by streamlined features on the bed that indicate ice-flow from the
107  south to north.

108

109 Hummock corridors vary in topographic expression (Fig. 2); for example,
110 adjacent corridors or different parts of the same corridor can be cut down into the
111 surrounding former ice-sheet bed and/ or elevated above the surrounding terrain
112 while other corridors branch and have tributaries. Some hummock corridors exhibit
113  sharp boundaries with significant vertical relief, while other boundaries are more
114 diffuse and characterised by subdued relief. Hummock corridors longitudinal

115 elevation profiles are typically undulating and they often contain eskers. Although

5



116 tracts of hummocks can be traced over long distances (>100 km), they are often
117  discontinuous with intervening segments of smoother terrain, tunnel valleys or
118  eskers.

119

120 At a regional scale - i.e., a horizontal scale exceeding the size of individual
121  corridors and approaching the size of the collection of multiple corridors and/ or the
122  ice sheet - corridors appear to exhibit a radial pattern (e.g. Peterson and Johnson,
123 2018), indicative of a larger divergent network (Utting et al., 2009) and appear to be
124  quasi-regularly spaced. Locally, corridors display a high degree of parallel conformity
125  with each other and with other subglacial bedforms such as drumlins and lineations,

126  suggesting a relationship with palaeo-ice flow.
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128  Figure 2. The variable expression of hummock corridors: (A) positive relief with a central
129  esker (B) flat bedded sections and branching and (C) corridors without significant relief or
130 eskers, identified simply as elongated tracts of hummocks. A-C are examples taken from
131  within test site 1 (Fig. 9).
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Adverse and undulating long profiles, orientations parallel to former glacier

flow lines, the presence of eskers within the hummock corridors and the termination

of corridors at or near former ice margins indicate a likely subglacial meltwater origin.

However, the source of meltwater and the magnitude and duration of flow remains

uncertain.

Table 1. Metrics of ‘hummock corridor’ type features reported in the literature.

Location Source Term used Frequency Length Width Spacing
(km) (km) (km)
Southwestern Makinen  Triangular- Single 40 (longest 1-2.5 1-4
Finland et al. shaped feature(s) feature) (most (most distinct
(2017) landforms selected distinct features)
within for features)
distinguishable  purpose
route
Southern Peterso  Hummock 76 15 - 118 02 — 49 08 - 545
Swedish n and corridor hummock (mean5.2) (mean (mean 14.5)
Uplands (SSU), Johnson tracts 1.1)
Sweden (2018)
Southern Burke et Erosional Single ~ 40 ~025-1 -
Fraser Plateau, al. corridor
Canada (2011)
Southern Slave  Rampto  Meltwater - - 05->2 -
Province, n (2000) corridor
Canada
East Arm Area, Sharpe  Meltwater Approx. 80-120 ~0.3-3 5-15
Great Slave et al. erosional 22
Lake, Canada (2017) corridor corridors
East-central Sjogren Incipient tunnel - - 02-4 -
Alberta and et al. channel
South-central (2002)
Michigan
Redrock Lake St-Onge  Glaciofluvial >15 Commonly Upto1 12-15
Area, Canada (1984) meltwater (estimated > 20
corridor from map) (estimated
from map)
Kivalliq region,  Storrar ~ Corridor-like - - Upto 6 -
Nunavut, and tracts of
Canada Livingst  glaciofluvial
one deposits
(2017)
Walker Lake, Utting et  Glaciofluvial >20 ~5-12 ~02 - ~ 5-10
Canada al. corridor (estimated 0.7
(2009) from map)




142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

Hummock corridors have similar widths, lengths and spacing as tunnel valleys
(Table 1) which has led Peterson and Johnson (2018) to classify them as such.
Proposed formation theories for the corridors thus far focus on similar concepts: (i)
time-transgressive formation with small sections forming behind a retreating margin
(St-Onge, 1984); (ii) low-frequency, high-magnitude regional outbursts with whole
networks formed over relatively short periods (e.g. Rampton, 2000; Sharpe et al.,
2017); or (iii) formation of individual channels by the sudden rapid drainage of large
volumes of meltwater to the bed (e.g. Utting et al., 2009; Peterson and Johnson,

2018).

The formation of individual hummocks within the corridors has been ascribed
to both deposition of glaciofluvial sediments within cavities during periods of sudden
large meltwater influxes (e.g. Utting et al., 2009) and erosion by distributed braided
canals on the bed of the valley or turbulent meltwater flow during valley formation
(e.g. Sjogren et al., 2002; Peterson et al., 2018). Where the corridors and hummocks
cut down into thicker till, formation is thought to be by subglacial fluvial erosion
(Peterson and Johnson 2018), whereas positive relief corridors, or those containing
tracts of glaciofluvial sands and gravels, have been associated with sediment
deposition (e.g. Utting et al., 2009) and typically occur in areas where sediment
thickness is low or the substrate is difficult to penetrate (Peterson and Johnson,

2017).
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3. Methods

Traditionally, information on subglacial bedform distribution and morphology
has been obtained by visual identification and onscreen digitization of feature
boundaries (e.g. Clark et al., 2004; Greenwood and Clark, 2008; Hughes et al.,
2010; Storrar et al., 2014; Livingstone and Clark, 2016). However, several issues are
apparent with this approach, including the subjectivity of landform and boundary
identification, concerns over which visualisation/ illumination techniques provide the
best results (e.g. Smith and Clark, 2005; Hughes et al.,, 2010), and uncertainty
regarding whether different practitioners produce the same consistent results (e.g.
Hillier et al., 2015). Moreover, with the increasing availability and resolution of DEMs
and remote sensing imagery, the immensity of data analysis required to manually
explore and map large regions at such fine resolution is becoming a major
bottleneck. Automatic or semi-automatic methods offer an alternative means of
rapidly mapping and extracting quantitative information directly from DEMs (see

Evans, 2012 and Bishop et al., 2012 for discussions).

Several studies have attempted to employ semi-automatic/ automatic
techniques for mapping subglacial bedforms, particularly drumlins. These methods
typically rely on an object based image analysis approach (OBIA) (e.g. Saha et al.,
2011; Evans, 2012; Jorge and Brennand, 2017; Yu et al., 2015; Foroutan and
Zimbelman, 2017), which uses a multi-resolution algorithm (Baatz and Schépe,
2000) to group pixels into image objects and classify them based on predetermined

rules (e.g. elevation, slope, axis, length, entropy and eccentricity).
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Invert the FFT and return data to the spatial domain
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Pass over with a smoothing filter

Use Otsu’s method to automatically select threshold for
image segmentation (i.e. values >x =1 and <x = 0) to
create discrete hummock corridor ‘objects’

Make ‘objects’ extracted more complete by bridging
gaps, filling holes and smoothing edges

Return missing data values to zero

Remove falsely classified objects using specified criteria
(e.g. min pixel size/ elongation rate and orientation)
Interpolate to original pixel size

Undertake detailed manual mapping to create a
reference dataset

Compare how well the automatic mapping matches the
manual mapping at a pixel and landform scale (i.e.
quantify the degree of overlap)

Determine how well the automatic dataset recreates key
morphological characteristics of the manually mapped
hummock corridors

Figure 3. Main steps of our automatic method to identify and extract hummock corridors (left-

hand sequence) with details about each step expanded on (right).

This study develops the first method to automatically map hummock corridors.

tiles used come

Its main steps - detailed in Sections 3.1 to 3.4 - are outlined in Figure 3. The DEM

the  freely-available ArcticDEM dataset
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(https://www.pgc.umn.edu/data/arcticdem), which provides 50 x 50 km tiles at 5 m
resolution for all land area above 60°N. It was generated by applying stereo auto-
correction techniques to overlapping pairs of high-resolution optical satellite images

(Noh and Howat, 2015).

Russia

Alaska

test
site 3
test n
site 1 test Scandinavia
B site2
||

Greenland

Figure 4. Location of the three test sites used in our study: (1) Northwest territories, Canada
(30,000 km?), (2) Nunavut, Canada (30,000 km?) and (3) Northern Scandinavia (22,500
km?). Grey background indicates the total extent of Arctic DEM data. See Fig. 5 for example

of typical terrain from each test site.

To develop and test the automatic method, three test sites were selected from
the ArcticDEM (Fig. 4), chosen to ensure a range of hummock corridor morphologies
and background conditions were sampled (e.g. varying relief, presence/ absence of

fluvial features etc.). At test site 1, corridors typically exhibit strong positive or

11
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negative relief with well-defined edges, and are qualitatively clearly distinguished
from their surroundings (Fig. 5A). The site includes relatively straight hummock
corridors extending significant distances across the bed. At test site 2, the
background topography is more complex and hummock corridors tend to curve
across the landscape, exhibit less pronounced relief and have poorly defined
boundaries (Fig. 5B and C. The hummock corridors at test site 3 are typically
discontinuous and more subdued, and the surrounding landscape is characterised
by a strong fluvial network and significant vertical relief in the south-west of the site

(Fig. 5D).
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Figure 5. Example of hummock corridors (outlined in white dashed lines) from each of the
test sites with locations identified in Figures 9 -11. (A) Test site 1 - note the transition down-
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flow (inferred ice flow from east to west) from tunnel valley to hummock corridor associated
with an increase in elevation and the alternating positive and negative hummock corridors.
(B and C) Test site 2 — note the more complex hummock corridors that branch and can be
difficult to identify on the bed owing to their more subdued relief. (D) Test site 3 — example of

hummock corridors branching off a large central channel with few/ no hummocks in places.

3.1  Processing Step One: Filter to isolate hummocks by size

Elevation values in a DEM vary significantly, depending on the presence of
large-scale topographic features (e.g. valleys, hills, mountains etc.) and/ or the type
of landforms present. Typically, landforms fall within a definable length-scale range.
In theory, mathematical operations can be applied to a DEM to isolate a particular
feature based on this knowledge. Using length-scales to separate morphological
features of interest from background topography is well established within the earth
sciences (e.g. Wessel, 1998; Hillier and Watts, 2004; Hillier and Smith, 2008) and
has been used within glacial geomorphology to enhance the detection of subtle

features such as lineations (Hillier and Smith, 2008).

Individual hummocks from the three test sites were randomly selected,
measured (long axis) and recorded to determine their typical length-scale range. To
minimise overlap with features which tend to co-occur with hummock corridors,
drumlins, eskers and background ‘noise’ in the DEM (artefacts which often occur in
elongate patches) were also sampled (their minor axis). The results (Fig. 6) reveal a
typical length-scale of 40 - 180 m for hummocks. This is distinguishable from the

‘noise’ and the drumlins at the lower and upper bounds. Although eskers display

13



255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

similar length-scale as hummocks, their low density largely precludes their

classification as hummock corridors at later stages of our processing.

The length-scale range was used to inform the design of a 2D Gaussian-
weighted band-pass filter (filt2: written by Chad A. Greene of the University of Texas
Institute for Geophysics for wuse in Matlab - freely available at:
https://uk.mathworks.com/matlabcentral/fileexchange/61003-filt2-2d-geospatial-data-
filter). The band-pass filter suppresses spatial frequencies outside the specified
length-scale range, thus attenuating (although not eliminating) a large amount of the
topographic variation associated with other features on the bed. Values of 40 and
150 m were selected as the lower and upper bounds as this struck the best balance
between retaining information whilst preventing false detections. This resulted in a
residual surface with a large amount of background topographies removed,

emphasising areas with features within the length-scale of individual hummocks.
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Figure 6. Histograms showing the horizontal widths of ‘noise’, drumlins, hummocks and

eskers (n = 130) randomly selected and measured from the three test sites. Note that the
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hummocks form their own population with only a small overlap at the upper and lower ends.
A large amount of the ‘noise’ (artefacts in the DEM that sometimes occur in linear zones)

was smaller than 10 m thus preventing accurate measurement.

For some hydrological features (e.g. lakes and rivers) and in areas of cloud
cover or shadows, the ArcticDEM tiles contain no elevation data and were coded as
NaN (i.e. Not a Number). While the 2D Gaussian-weighted band-pass filter is
designed to work on data with NaNs, several of the subsequent processing steps
require continuous data so a method to fill in the NaNs was implemented. Standard
interpolation or smoothing methods (e.g. inpaint_nans -
https://uk.mathworks.com/matlabcentral/fileexchange/4551-inpaint_nans) can be
used to fill NaNs with realistic values over smaller areas; however, the large size of
some missing data patches here (up to ~480 km?) would result in the introduction of
artefacts and thus render this approach inappropriate. To address this, we
developed a method for ‘flooding’ isolated NaN patches with their individual local
mean. Firstly, a mask of contiguous patches of NaNs was created. The mean
elevation of a 100-pixel wide buffer around each patch was then used to replace the
NaNs within. This was carried out after the initial filtering, which removed a large
amount of elevation variations, creating more uniform values within the NaN buffers
and reducing the likelihood of steep jumps in elevation across short distances. While
this approach precluded the detection of hummock corridors within these areas, it
effectively blended the missing data with its surroundings preventing spurious
artefacts. NaN values in the original data were returned to zero at the final stage to

ensure that no areas were falsely classified.
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To further enhance the contrast in relief at the length-scale created by the
band-pass filter, the residuals were converted to absolute values and each pixel
replaced with the maximum of the adjacent pixels if the original value was greater
than the tile median or replaced with the minimum of the adjacent pixels if the
original value was less than the median. (This process is analogous to ‘contrast
stretching’ in the processing of grey-scaled images.) This ‘enhanced’ residual
surface was then normalised by rescaling the data so values fell between 0 and 255
(i.e. unsigned 8-bit integers) to ensure consistency between different tiles and to

minimise memory requirements for storing data (Fig. 8a).
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3.2 Processing Step Two: Filter to remove misaligned features

At regional scales, long axes of hummock corridors are typically observed to
have a (sub-) parallel arrangement (e.g. Peterson et al., 2017). We therefore applied
a Fast Fourier Transform (FFT) to each enhanced DEM tile to identify the dominant
orientation of hummock corridors and remove misaligned features. FFTs are
commonly used in image analysis to identify and remove interference or artefacts
and to analyse repeating patterns and extract features (e.g. Van Buren, 1987; Tsai
and Hsieh, 1999; Jordan and Schott, 2005; Arrell et al., 2008; Munch et al., 2009). In
glaciology, FFTs have been used to map crevasses from remotely sensed images
(e.g. Williams et al., 2018) and to automatically derive the spectral signature of

mega-scale glacial lineations (MSGLs) (Spagnolo et al., 2017).

The FFT produces a power spectrum array of the enhanced DEM in the
frequency domain, with the zero-frequency component (measuring the ‘average’
elevation) located at the centre of the array. In the frequency domain, directional
features are identified as a concentration of high-intensity pixels (i.e. bright areas),
reaching out from the centre, perpendicular to the direction of the feature in the
spatial domain (Fig. 8b). We applied a ‘wedge-shaped’ filter to the FFT of the
enhanced DEM to extract features aligned with the dominant direction of the image,
and reject misaligned features. To automate this process and allow the width and
orientation of the wedge filter to vary with each input tile, we extracted the highest
2% of the power spectrum, creating a binary mask (Fig. 8c). The shape of this mask
varies depending on the ‘strength’ of the directionality in the image. The amplitude

distribution of a tile’s FFT (in the 2D frequency domain) generated an ellipse-shaped
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348
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354

355

mask when there were well-defined hummock corridors while less well-defined/ no
corridors resulted in a circular shape. Identifying the start and end points of the long
axis of the mask allowed us to use trigonometry to determine its angle relative to the
x-axis (tan(x) = change in x / change in y) and this was used as the orientation input
for the wedge-filter. Next, we calculated the length of the minor-axis and divided it by
three —based on sensitivity analysis — to determine the wedge filter width (i.e. how far
it could deviate from the centreline Fig. 8d). Once the filter had been applied and the
misaligned features removed, the FFT was inverted to return the filtered data back

into the spatial domain (e.g. Fig. 8e).

Figure 8. Example of directional filter: (A) DEM tile post-spatial filter and enhancement (but

pre FFT filter) with scale bar representing intensity. (B) FFT power spectrum in the
frequency domain with the ‘average’ at the centre and the directional trend evident from the
peaks reaching out. (C) FFT mask i.e. highest 2% of the power spectrum with long (red) and
short (green) axes identified. (D) ‘Wedge’ shaped filter overlain on the FFT — inside the
wedge information is retained whilst outside (blue) is rejected. (E) Tile post spatial and FFT
filtering i.e. data returned to the spatial domain (colour scale limited to intensity of 50 to
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highlight corridors). (F) Tile post standard deviation and smoothing (colour scale limited to
intensity of 20 to highlight corridors). (G) Tile post segmentation. (H) Tile post clean up i.e. a
binary image where corridors have a value of 1 (yellow) and the background has a value of 0

(blue).

3.3 Processing Step Three: Image Segmentation

Image segmentation is the final processing stage used to extract hummock
corridors. It is commonly used in image processing to divide an image into distinct
regions, each containing pixels with similar characteristics e.g. colour or texture (e.g.
Haralick and Shapiro, 1985; Ryherd and Woodcock, 1996; Baatz and Schape,
2000). Thresholding is the simplest image segmentation technique and produces a
binary image with two sections, each containing solely pixels with intensity values
either greater or smaller than the threshold. Here, we wished to select a threshold
which separates pixels which likely contain hummock corridors (high values) from
those which do not (low values). The above steps have been designed to enhance

the contrast between these two areas.

To minimise user input, an automatic method for selecting the threshold was
chosen. Here, we used the approach of Otsu (1979) which detects a threshold based
on a histogram of pixel intensity values. Otsu’s method is optimal when the
foreground is distinctly different from the background (e.g. a white object on a black
background) and when there is limited intensity variation within each of the two
regions. To ensure the best output, we enhanced the difference between hummock
corridors and their background further. Standard deviation was used as a measure of
topographic roughness, highlighting areas with a high degree of local variations (i.e.

20



382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

‘rough’ sections of the bed within the hummock corridors where topographic
variations had been retained). A 12-by-12 moving average filter was then passed

over the residual surface to homogenise the corridors (Fig. 8f).

The image was then segmented using the threshold determined by the Otsu
(1979) method creating a binary image of corridors (with a value of 1) and
background (with a value of 0) (Fig. 8g). Next, we applied several post-processing
methods to improve the segmentation output (Fig. 8h). To improve the corridors
longitudinal completeness, we used a series of morphological operations available in
Matlab to bridge gaps (‘bwmorph, bridge’) in the data. We then filled any interior
holes (‘imfill, holes’) and smoothed the edges (imopen with a disk structuring
element). False classifications were recognisable in the data as small ‘speckles’,
objects with low elongation values or objects which did not conform to the dominant
orientation. To remove these, we specified several criteria. Firstly, individual objects
in the final mask must have (i) an area exceeding 1500 pixels, (ii) an elongation ratio
greater than 1.5 (comparison with manual mapping suggests that rough regions with
a value less than this are not corridors), and (iii) they must be aligned within +/- 40°
of the dominant direction. The last criterion removed erroneous ‘patches’ since ‘real’

misaligned features had already been removed by the FFT.

3.4 Accuracy Quantification

Finally, to quantify how well the automatic output captured ‘reality’ we
undertook an accuracy assessment. Detailed manual mapping of hummock corridors

at the three test sites were used as a reference dataset to compare with the
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automatic output. Hummock corridors were mapped as polygons to allow for direct
comparison with the automatic output through on-screen digitization in ArcGIS 10.4.
Hummock corridors were identified as regions of hummocks which stood out from
the surrounding smooth, streamlined bed, often exhibiting a positive/ negative relief

and association with eskers.

The spatial scale selected for accuracy assessment is important and will likely
influence the results (e.g. Dungan, 2002; Stehman and Wickham, 2011). As a first-
order measure of accuracy we compared the manual and automatic datasets at the
pixel-scale. More detailed analysis at the landform-scale was then performed to
assess the methods’ utility in reproducing the spatial distribution, pattern and
morphology of hummock corridors at an ice-sheet scale. We consider the landform
scale accuracy assessment the more appropriate measure for determining the
method’s ability to provide insight into the formation and evolution of subglacial

meltwater pathways.

3.4.1 Pixel-scale

To compare the datasets at a pixel-scale, the manual and automatic output

were overlain and each pixel classified as either:

e True Positive (TP) — positive in the reference and automatic output
e False Positive (FP) — negative in the reference and positive in the
automatic output

e True Negative (TN) — negative in the reference and automatic output
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e False Negative (FN) — positive in the reference and negative in the

automatic output

where TP represents the location of pixels classified as hummock corridors, FP
represents pixels classified as hummock corridors in the automatic but not in the
reference (i.e. over-estimation), TN represents background pixels in both data and
FN represents pixels classified as hummock corridors in the manual but not in the

automatic (i.e. under-estimation). This information was recorded in an error matrix.

Using this information, we calculated more specific measures of quality:

TP

recall = Tror - 100 (equation 1)
recision = ———*100 (equation 2)
p (TP+FP) 9

where recall indicates how much of the reference data are captured by the automatic
output (i.e. ‘completeness’) and precision indicates how much of the automatic
output matches the reference data (i.e. ‘correctness’). These measures have been
used in remote sensing and OBIA accuracy assessments (e.g. Hillier et al., 2015;

Zhang et al., 2015; Pratomo et al., 2017).

3.4.2 Landform-scale

To quantify landform-scale accuracy, we used region-based precision and
recall indicators. The approach was similar to the pixel-scale method described in
section 3.4.1, but, instead of overlaying and comparing individual pixels, we
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compared individual corridors. To achieve this, we first determined our match criteria
and mapping direction. A match criteria specifies the minimum overlap required
between the manual and automatic mapping before a ‘match’ is confirmed. This
criterion varies in the literature; d’Oleire-Otmanns et al., (2013) consider any overlap
a success, Eisank et al., (2014) select a minimum of 50% overlap and Jorge and
Brennand (2017) use two criteria (i) a ‘morphometric detection rate’ requiring a 50%
minimum overlap and additional divergence criteria and (ii) a ‘general detection rate’
requiring a 10% minimum overlap. Here, we select a minimum overlap of 25%. While
this is lower than the 50% often used, the size of many of these features is
significantly greater than those in the literature above (which is focussed on
drumlins) and visual assessment suggests that a minimum 25% match is able to

capture the hummaock corridors sufficiently.

The mapping direction determines which way we compare the two datasets —
i.e. manual to automatic or automatic to manual. This alternates when calculating
precision and recall for region-based measures (Zhang et al., 2015). For recall (i.e.
‘completeness’), we matched the automatic segments to the reference. Conversely,
for precision (i.e. ‘correctness’), we matched the reference polygons to the automatic
segments. For both recall and precision, corridors which overlapped by greater than
the minimum overlap (25%) were classified as true positives, while corridors which
were overlapped by less than the minimum overlap or with no overlap, were

classified as false positives and false negatives respectively.
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3.4.3 Morphology

If we wish to use the output of the automatic method to gain meaningful
information about the morphometry of hummock corridors, it is important to assess
how well the automatic mapping matches the morphometric characteristics of the
manually mapped dataset. Here, we automatically extracted metrics (length and
width) for each corridor from both datasets. To obtain the most representative
results, pre-processing of the manual and automatic mapping were undertaken to
separate corridor networks and individual corridors into discrete features. This was
done manually in ArcGIS with care taken to avoid bias in the results by splitting
features only where there was obvious evidence of trunk/ tributary corridors, merging
(e.g. small pixel bridges), clear change in orientation of features or evidence of
elongated sections joining falsely classified ‘patches’. The overall clarity of the output
may be further improved by separating the ‘patches’ (i.e. falsely classified sections)

from the elongated data (i.e. the hummock corridors) and selectively removing them.

The length of each corridor was calculated automatically by identifying the
furthest two boundary pixels and measuring the straight-line distance between them.
As hummock corridors can be long, width was measured using perpendicular
transects at 5% intervals along each corridor. An average value was then assigned,
ensuring that variations in width were captured for all corridors, regardless of their
length. Finally, ‘real-length’ was approximated by dividing the area of the hummock

corridor by its mean width (henceforth referred to simply as ‘length’).
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4. Resulis

4.1 Automatic method performance

4.1.1 Pixel-scale assessment

kil kil

At test site 1 (Table 2), recall was 45% and precision 33%. This was the
highest recall value of the three test sites and likely reflects the fact that test site 1
contains the longest, widest corridors with the most pronounced relief and clear
boundary edges. Test site 2 had a 42% recall and 36% precision. This was the
highest precision value of the test sites, indicating the lowest percentage of ‘false’
classifications. At test site 3, recall was 16% and precision 6%, which is significantly
lower than the other two sites and visual inspection confirms this is because the

automatic method misidentifies several large valleys as hummock corridors.

Table 2. Error matrix showing the number of correctly/ incorrectly identified pixels at each
test site. These values were used to calculate further measures of accuracy i.e. precision

and recall (equations 1 and 2).

Automatic: Yes Automatic: No

Manual: Yes 31001304 (TP) 37947732 (FN)

! Manual: No 62046071 (FP) 1061300000 (TN)

T2 Manual: Yes 46188919 (TP) 63775215 (FN)
Manual: No 81485389 (FP) 1008300000 (TN)

Ts3 Manual: Yes 4057104 (TP) 21866102 (FN)

Manual: No 63649814 (FP) 810426980 (TN)
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4.1.2 Landform-scale assessment

4.1.2.1 Region-based recall and precision

The number of corridors correctly/ incorrectly identified at each test site is
summarised in table 3. These values were used to produce a measure of precision

and accuracy (equations 1 and 2).

Table 3. Error matrix showing the number of correctly/ incorrectly mapped hummock
corridors at each test site. Results for both matching directions are included i.e. manual to
automatic (for calculating recall) and automatic to manual (for calculating precision) as

manual and automatic datasets do not always have the same number of hummock corridors.

Automatic: Yes Automatic: No Total Manual

Manual: Yes 118 (TP) 106 (FN) 224
TS 1 Recall Manual: No
Total Automatic
Manual: Yes 108 (TP)
TS 1 Precision Manual: No 115 (FP)
Total Automatic 223
Manual: Yes 194 (TP) 371 (FN) 565
TS 2 Recall Manual: No
Total Automatic
Manual: Yes 153 (TP)
TS 2 Precision Manual: No 153 (FP)
Total Automatic 306
TS 3 Recall Manual: Yes 64 (TP) 105 (FN) 169
Manual: No
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TS 3 Precision

Total Automatic
Manual: Yes
Manual: No

Total Automatic

43 (TP)
150 (FP)
193
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Figure 9. Large-scale manual (a) and automatic (b) mapping of hummock corridors in test
site 1 (near Dubawnt Lake, Canada - former ice-flow from E to W). Manually mapped eskers
are also shown in (a) as pink lines. The success of the method is assessed in (c) and (d).
Corridors which exhibit a > 25% minimum overlap are coloured green (i.e. True Positives —
match in the manual and automatic) while corridors with < 25% minimum overlap are
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coloured red. In (c) these are False Negatives (i.e. manual corridors missed) and in (d) False
Positives (i.e. incorrectly identified automatic corridors). N = the total number of corridors in

each group.

Comparison of the manual and automatic outputs (table 4) indicates a
combined recall of 39% and precision of 42%. However, there is considerable inter-
test site variation, with site 1 giving the highest recall (53%) and site 2 the lowest
(34%). The highest precision is at site 2 (50%) and the lowest at site 3 (22%). In
general, the quality of the automatic mapping is improved when compared at the
landform scale rather than per pixel, particularly in more complex regions (e.g. site 3

— Fig. 11).

Table 4. Summary of region-based recall and precision measures (equations 1 and 2) by

test site using a > 25% minimum overlap criteria.

Recall (%) Precision (%)

TSt 53 48
TS2 34 50
TS3 38 22
Combined Results 39 42

Manual and automatic mapping for each test site can be seen in Figures 9, 10
and 11 (a) and (b) respectively. The outcome of the accuracy assessment can be
visualised in (c) and (d) with corridors with > 25% overlap coloured green and those

with < 25% overlap coloured red.
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Figure 10. Large-scale manual (A) and automatic (B) mapping of hummock corridors in test
site 2, Nunavut, Canada (former ice-flow from S to N). Manually mapped eskers are also
shown in (A) as pink lines. The success of the method is assessed in (C) and (D). Corridors
which exhibit a > 25% minimum overlap are coloured green (i.e. True Positives — match in
the manual and automatic) while corridors with < 25% minimum overlap are coloured red. In
(C) these are False Negatives (i.e. manual corridors missed) and in (D) False Positives (i.e.

incorrectly identified automatic corridors). N = the total number of corridors in each group.

Results indicate that the automatic method can capture corridors of varying
morphology, including those with positive and negative relief and branching
networks. Automatically detected hummock corridors can be traced over significant

distances, even when the features curve across the landscape or cross DEM tile
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boundaries. However, it is also clear that the corridors missed in the automatic
output are often narrower and ‘finer-scale’ in expression i.e. they have more subdued
relief, fewer, more widely distributed or smaller individual hummocks, or they are
separated by bounding sections of flat-bed that are unlikely to be detected.
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Figure 11. Large-scale manual (A) and automatic (B) mapping of hummock corridors
in test site 3, northern Scandinavia (former ice-flow from S to N). Manually mapped eskers
are also shown in (A) as pink lines. The success of the method is assessed in (C) and (D).
Corridors which exhibit a > 25% minimum overlap are coloured green (i.e. True Positives —

match in the manual and automatic) while corridors with < 25% minimum overlap are
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coloured red. In (C these are False Negatives (i.e. manual corridors missed) and in (D)
False Positives (i.e. incorrectly identified automatic corridors). N = the total number of

corridors in each group.

Given that the automatic method under-detects narrower corridors, we
explored whether there was a critical value below which the method was less able/
unable to detect features. This was investigated by evaluating the recall value (i.e.
percentage of the manually mapped corridors correctly identified) as minimum
corridor width was increased (Fig. 12). Corridor detection rate increased from 39%
for all corridors to 80% when just corridors wider than 1.4 km were considered.
Recall values increased roughly linearly with corridor width at test sites 1 and 2. At
test site 3, recall values increased up until ~0.6 km whereupon they started to drop
again. This is attributed to the narrower corridors at this site, with only two corridors

wider than 1.2 km.

100
—TS1

75

0.4 0.6 0.8 1.0 1.2 1.4
Minimum Hummock Corridor Width (km)

Figure 12. Change in recall value as minimum width of hummock corridors included in the

calculation increases (all to only > 1.4 km).

33



623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

As the automatic output does a better job at detecting wider corridors, we also
calculated the overall area of correctly identified corridors. At test site 1, the corridors
identified as true positives account for 69% of the total area of manually mapped
corridors. Similarly, the corridors identified as true positives account for 64% and
62% of the total area for test sites 2 and 3 respectively. Therefore, while 50 - 60% of
the corridors are missed by the automatic approach (Table 4), the corridors that
match represent a higher proportion of the overall area. This suggests that the
automatic method is capable of approximating the large-scale distribution and

pattern of hummock corridors, even though some of the finer-scale detail is lost.

4.1.2.2 Morphology

The length and width of hummock corridors in the manual and automatic
outputs are first compared by investigating their frequency distributions (Fig. 13) and
descriptive statistics (Table 5). The manual mapping and automatic mapping display
similarity in these distributions, including a positive skew indicating a high abundance
of shorter (less than 10 km) and narrower (less than 2 km) hummock corridor
segments. In general, the mean and median are similar, particularly for the combined

data set (~ 1,000 corridor segments for all 3 sites) and for corridor length.
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Figure 13. Frequency distribution of automatic and manually mapped hummock corridor

real- length and width for each test site. (Width bins of 5 km for length and 0.2 km for width.)

Nonetheless, there are also some differences between the manual and

automatic metrics; noticeably, a lack of data in the narrowest width bins in the

automatic output, which helps explain the overall higher mean and median widths of

hummock corridors at each test site (Table 5).

In section 4.1.2.1,

above, we

demonstrate that this systematic under-estimation occurs because the automatic

method struggles to identify narrower corridors.
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The automatic output fails to capture the longest manually mapped segments
as is shown by significantly lower maximum lengths (Table 5). However, in general
the mean and median values for manual and automatic lengths are much closer than
the widths (only varying by 0.7 km and 0.5 km for the combined dataset: n = 958 for
the manual corridors and n = 722 for the automatic). This suggests that the
automatic method does a better job at capturing length than width. A Wilcoxon Rank
Sum Test (equivalent to Mann-Whitney U-Test) was used to test the similarity of the
automatic and manual measurements at each test site. The null hypothesis (i.e. that
the automatic and manual measurements were from distributions with the same
median) was rejected at the 5% significance level for all comparisons, excluding the

automatic and manual lengths at test site 1 (p-value = 0.2056).

Table 5. Descriptive statistics for manual and automatic mapping (length and width (km)) for

each test site and combined across all three.

Test Site 1 Test Site 2 Test Site 3 Combined

Length  Width Length Width Length Width Length  Width
(km) (km) (km) (km) (km) (km) (km) (km)

Mean manual 8.1 0.8 5.7 0.6 5.7 0.6 6.3 0.7
automatic 7.4 1.2 7.1 1.2 6.4 1.1 7.0 1.2
Median manual 4.6 0.7 3.8 0.6 3.7 0.5 4.0 0.6
automatic 5.4 1.1 5.3 1.1 4.2 1.1 5.0 1.1
Standard  manual 11.3 0.3 6.3 0.4 6.2 0.3 7.8 0.3
Dev. automatic 6.2 0.5 6.0 0.5 7.0 0.5 6.3 0.5
Min manual 1.1 0.2 0.7 0.1 0.8 0.0 0.7 0.0
automatic 1.1 0.5 1.2 0.5 1.1 0.5 1.1 0.5
Max manual 90.0 1.9 69.0 25 39.2 1.6 90.0 2.5

automatic  35.9 4.9 46.4 4.4 61.3 3.9 61.3 49
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5. Discussion

5.1  Overall performance

Our approach has facilitated the identification and mapping of almost 1,000
hummock corridor segments across 82,500 km?, largely reproducing their overall
distribution (i.e. successfully capturing 69%, 64% and 62% of their total area at each
test site) and morphometry compared to manual mapping (i.e. largely reproducing
the length/ width distributions). The output of this study provides insight into the
expression and variation of these features, and contributes to an increasing body of
literature on them (e.g. St-Onge, 1984; Rampton, 2000; Utting et al., 2009; Sharpe et

al., 2017; Peterson and Johnson, 2018).

The output of the automatic method has created a near-continuous map of
hummock corridors which aligns hummock corridor segments across adjacent
ArcticDEM tile boundaries and is able to recreate the general pattern across a large
area. While some of the finer detail is lost, this method nevertheless has value for
rapidly (< 80 seconds per 50 x 50 km? 5m resolution tile, run on the University of
Sheffield High Performance Computer cluster — Iceberg — with a specified memory of
32 GB) assessing significant volumes of data and providing information on hummock
corridor distribution and spatial arrangement and extracting information on
morphometry. Furthermore, assessing many hummock corridors across significant
areas makes it more likely that we will capture a more representative dataset and

allows us to assess their association with other bed features.
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5.2 Limitations

5.2.1 Hummock corridor morphology

Despite progress in the automatic detection and mapping of subglacial
bedforms, several limitations exist which need to be acknowledged before assessing
and using the output. The automatic method fails to identify all the manually mapped
hummock corridors across the three test sites. While this does not appear to
influence our understanding of the general location nor the large-scale trends of
hummock corridors (i.e. general direction, length and width) or their association with

other bedforms, it does suggest that some detalil is being lost.

Further exploration of the reasons for this suggests that hummock corridor
morphology influences whether they are detected and retained in the final output.
The automatic output is sensitive to hummock corridor width, with detection rates
increasing as corridor width increases (from 39% when all corridors are included to
64% for corridors wider than 1 km and up to 80% for corridors greater than 1.4 km).
It is likely that narrower corridors are removed during the filtering stages or when the
data resolution is reduced and the results smoothed. Many of the wider corridors are
also longer and this highlights issues related to the discontinuous nature of
hummock corridors. Hummock corridor segments detected automatically likely
represent parts of a larger corridor/ network of corridors, fragmented because of
‘real’ gaps in the corridor (e.g. areas of flat bed or areas with too few hummocks to
be detected/ retained) or because of the side-effects of processing prior to metric

extraction (i.e. separating trunk/ tributary corridors). This means that they should be
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taken as a minimum hummock corridor length and should we choose to interpolate
between segments, it is likely that the hummock corridors would reach greater
lengths and form more complete networks. Assessing the automatic map of
hummock corridors without interpolating between the segments, means that we are
unlikely to capture the full length of the manual mapping as a single, complete
feature. The gaps along flow may be a possible reason for not detecting more

complete corridors despite increased widths.

5.2.2 Background conditions

As hummock corridor morphology cannot fully explain why corridors were/
were not detected, we must also consider other possible causes for imperfect
detection (rates below 100%). One such consideration is differences in surface
roughness across the bed. Hummock corridors display variations in expression (e.g.
relief, definition, hummock density) both within and across sites and this makes it
difficult to develop a method which can automatically detect all of them whilst also
minimising false classifications. Despite our best efforts to filter out the background,
confounding roughness elements are sometimes retained. Large sections of the bed
surrounding test site 3 in northern Scandinavia have greater variation in relief than
those in Canada and there is more likely to be evidence of human activities. These
areas of confounding roughness may be classified as hummock corridors regardless
of their possible lack of exposure to subglacial meltwater flow, especially if they
exhibit characteristics comparable with the pre-defined criteria for hummock
corridors. Similarly, other background features such as fluvial channels and

geologically controlled landforms may also be classified as hummock corridors. This
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is a particular problem when these features have a ‘stronger’ directional trend than
any hummock corridors in the same tile skewing the FFT wedge filter and thus
inadvertently removing hummock corridors. It is possible that these features are part
of the same subglacial hydrological network (e.g. Fig. 5D); however, if they are not,
inclusion of additional steps such as overlying the automatic output on the DEM/
geology map would allow the user to manually identify erroneous areas (often by
shape and size) and assess case by case whether these should be deleted or

retained.

5.2.3 Manual mapping and Accuracy Quantification Methods

It is important to acknowledge the subjectivity and limitations of manually
mapping hummock corridors in general, especially those on complex backgrounds or
those which form part of a larger glaciofluvial complex where boundaries are unlikely
to be discrete. Some of the hummock corridors observed across the study sites are
less pronounced in terms of their overall relief and/ or the relief/ number of the
hummocks within them making them difficult to manually map. It is therefore unlikely
that the automatic method will be able to capture these either given that the filtering
and coarsening steps remove some detail. It is also likely that individual manual
mappers would map these differently. As such, manual mapping is not necessarily

‘true’ nor should we expect the automatic method to reproduce it perfectly.

Furthermore, instead of just missing corridors, there are examples from the test
sites where the automatic method can differentiate hummock corridors from complex

backgrounds, even identifying some which were missed/ incompletely mapped by
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the manual mapping. Ultimately, the automatic method relies on pre-defined
decision-making criteria which determine the eventual mapping of corridors. This

means that the results are consistent, repeatable and defensible (Saha et al., 2011).

Finally, we must also consider how we interpret the accuracy measures when
determining how well the automatic output fits the reference data. While it is useful
for providing a quantitative summary of how many corridors are detected at each
site, it does not consider additional factors which are relevant here. For example,
individual inspection of corridor segments suggests that in some cases, using a
minimum of 25% meant that some ‘real’ corridors were incorrectly missed.
Furthermore, the method gives equal weighting to every corridor, regardless of its

size.

5.3 Future work

5.3.1 Methodological developments

Depending on the desired use and output of this method, several steps can be
undertaken to enhance the results, should they be required. For example, mapping
can be compared to geological maps, maps of water bodies and maps of other
subglacial bedforms (e.g. rogen moraines, tunnel valleys etc.) which may have been
misclassified as hummock corridors by the automatic method. Furthermore, visually
assessing the output in a GIS software will draw the eye to areas which are
particularly ‘blocky’ in nature and which clearly stand out. The user can then make

their own decision as to whether this information should be removed.
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Visual assessment of the results suggests that misidentification is typically
associated with narrower features or additional features on the bed exhibiting strong
directional trends, such as fluvial channels in test site 3, or in some cases linear
tracts of drumlins. Future work may reduce the influence of this for example, by
trialling the code on different resolution data or by using different sized sample tiles.
Determining the scale at which the hummock corridors remain aligned may allow the
user to alter the input tile size as a way of reducing the likelihood of additional

directional features influencing the FFT filter.

5.3.2 Applications

Within the test sites, there is a clear association between hummock corridors and
other subglacial meltwater landforms. For example, at test site 1, the down-flow
transition from tunnel valleys to hummock corridors coincides with an increase in
elevation of approximately 30 m (Fig. 5A). At test sites 1 and 2 there is a striking
similarity in the overall pattern and distribution of eskers (Storrar et al., 2014) and
hummock corridors (Fig. 9 - 11). By running the automatic method over a large
section of northern Canada, we will be able to compare the general distribution and
pattern to that of eskers at an ice-sheet scale. The output of this can be used to
guide more detailed manual mapping, significantly reducing mapping time by
drawing the eye to areas of interest, after which the manual mapper can fill in the
gaps’. While this method is yet to be tested on other features, theoretically it should
be possible to use our approach to identify other bedforms which share a predefined
horizontal size range and orientation. For example, it may be possible to alter the

parameters slightly and use this to map eskers or drumlins.
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6. Conclusions

This work has been motivated by the large-scale release of high resolution
ArcticDEM data which allows subglacial bedforms to be mapped at an
unprecedented spatial and temporal scale. Hummock corridors have been widely
identified on the beds of palaeo-ice sheets, and the results of our automated
mapping method offer the potential to rapidly gain a large amount of information on
the morphological characteristics and large-scale distribution of hummock corridors.
This will add to the existing literature and can be used to inform the development of

hypotheses for hummock corridor formation.

Given the increasing availability of high-resolution data, there is a need to
develop new methods which can rapidly obtain meaningful information directly from
DEMs. While automatic mapping may never reach the same level of detail and
precision as manual mapping for individual bedforms, it has potential when the main
aim is to quantify the large-scale pattern of landforms. In this study, we add to an
increasing body of literature on the development of automatic methods for the
identification and mapping of palaeo-subglacial bedforms by developing the first
automatic method for extracting spatial information on hummock corridors. We apply
this method to three test sites across the ArcticDEM and demonstrate that hummock
corridors with varying expressions and varying background conditions can be
identified. Results suggest that our method can capture the general location and
spatial pattern/ distribution of hummock corridors and provides a decent ‘first pass’

map which can later be refined manually depending on the desired output.
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For this study, the ability to correctly identify each hummock is less important
than the method’s ability to capture the location and overall pattern of corridors and
when considering a large sample size, the results (i.e. Table 5 — combined sites)
suggest that the automatic method can accurately characterise their morphology.
The next step will be to use this method to map hummock corridors using the
ArcticDEM data for Canada and northern Scandinavia, thus gaining unprecedented
insight into the large-scale distribution and pattern of hummock corridors and their
association with other subglacial bedforms and meltwater features. This will provide
evidence for formation theories as well as information which can be used to better
understand the distribution and nature of subglacial meltwater flow beneath former

and current ice-sheets.
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