Northumbria Research Link

Citation: Irvine-Fynn, Tristram D.L., Holt, Tom O, James, Timothy D, Smith, Mark W, Rutter,
Nick, Porter, Philip R. and Hodson, Andrew ] (2022) Time-lapse photogrammetry reveals
hydrological controls of fine scale High-Arctic glacier surface roughness evolution. Earth
Surface Processes and Landforms, 47 (6). pp. 1635-1652. ISSN 0197-9337

Published by: Wiley
URL: https://doi.org/10.1002/esp.5339 <https://doi.org/10.1002/esp.5339>

This version was downloaded from Northumbria Research Link:
https://nrl.northumbria.ac.uk/id/eprint/48316/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners. Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without prior permission or charge, provided the authors, title and full bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder. The full policy is

available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher's website (a subscription
may be required.)

ok Northumbria 5

University
NEWCASTLE w

O]

8 UniversityLibrary


http://nrl.northumbria.ac.uk/policies.html

O 00N O U B WN -

A B DA DDA DD DB WWWWWWWWWWNNNNNNNNNMNMNNNRRPRRRRRERRR
N o o b WNPFP,P O OVUOONOOTULPE WNREPE,OOVOONOGOOUPE WNPOOVOONOULPEWDND -, O

FILE 1: TITLE PAGE

Time-lapse photogrammetry reveals hydrological controls of fine-
scale High-Arctic glacier surface roughness evolution

Tristram D L Irvine-Fynn!*, Tom O Holt!, Timothy D James?, Mark W
Smith3, Nick Rutter#, Philip R Porter>, Andrew J Hodson®”.

1. Department of Geography and Earth Sciences, Aberystwyth University,
Aberystwyth, UK.

2. Department of Geography and Planning, Queen’s University, Kingston,
Ontario, Canada.

3. School of Geography, University of Leeds, Leeds, UK.

4. Department of Geography and Environmental Sciences, Northumbria
University, Newcastle, UK.

5. School of Life and Medical Sciences, University of Hertfordshire,
Hatfield, UK.

6. University Centre in Svalbard (UNIS), Longyearbyen, Svalbard,
Norway.

7. Western Norway University of Applied Sciences, Sogndal, Norway

CONTACT DETAILS OF THE CORRESPONDING AUTHOR
*Email: tdi@aber.ac.uk
ORCID IDs:

TDL Irvine-Fynn: 0000-0003-3157-6646
TO Holt: 0000-0001-8361-0688

TD James: 0000-0003-4082-7822

MW Smith: 0000-0003-4361-9527

N Rutter: 0000-0002-5008-3575

PR Porter: 0000-0001-5618-9189

AJ Hodson: 0000-0002-1255-7987

ACKNOWLEDGEMENTS

TDLI-F acknowledges The Leverhulme Trust (Grant: RF-2018-584/4). The
University Centre in Svalbard (UNIS) is thanked for the logistical support
of fieldwork. AJH acknowledges The Royal Geographical Society - Peter
Fleming Award, a National Geographic Research and Exploration grant
and Store Norske Spitsbergen Kulkompani AS for the help in establishing
the monitoring at Foxfonna. Support from TerraDat with Topcon’s Image
Master Pro was gratefully received by TDJ. Pete Bunting is thanked for
help adapting the energy balance model code, and Morgan Jones and



48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

Hywel Griffiths proof-read versions of the manuscript. TDLI-F thanks Jim
Chandler for a late-night conversation at an ‘Arolla project reunion’ well
over a decade ago suggesting that ‘if there was enough texture maybe
one commercial grade camera and some photogrammetry might reveal
the topographic dynamics of an ice surface’. How the field developed!

AUTHOR CONTRIBUTIONS

Conceptualization — TDLI-F; Funding acquisition — TDLI-F, AJH;
Methodology TDLI-F, TDJ; Investigation — TDLI-F, TDJ, TOH, MWS, NR;
Resources — TDLI-F, AJH, PRP, MWS, NR; Writing draft — TDLI-F; Editing
and revising - all authors.

DATA AVAILABILITY STATEMENT

The datasets generated during and/or analysed in this study are available
in the Zenodo repository (https://doi.org/10.5281/zenodo.5784564). The
base energy balance model, in Python, is available at:
https://github.com/atedstone/ebmaodel.



https://doi.org/XXXXXXXXXX
https://github.com/atedstone/ebmodel

O 00O NO UL B WN - -

W W W W W WNNNNNNNNNNRPRPRPRRPRRER R R R R
G B W N P O O WM NO U BMWNEPRPROWLOONOUOVDWNIERLR O

w w w
00 N O

FILE 2: MAIN DOCUMENT

Time-lapse photogrammetry reveals hydrological controls of fine-
scale High-Arctic glacier surface roughness evolution

Abstract

In a warming Arctic, as glacier snowlines rise, short- to medium-term
increases in seasonal bare-ice extent are forecast for the next few
decades. These changes will enhance the importance of turbulent energy
fluxes for surface ablation and glacier mass balance. Turbulent energy
exchanges at the ice surface are conditioned by its topography, or
roughness, which has been hypothesised to be controlled by supraglacial
hydrology at the glacier scale. However, current understanding of the
dynamics in surface topography, and the role of drainage development,
remains incomplete, particularly for the transition between seasonal snow
cover and well-developed, weathered bare-ice. Using time-lapse
photogrammetry, we report a daily timeseries of fine (millimetre)-scale
supraglacial topography at a 2 m? plot on the Lower Foxfonna glacier,
Svalbard, over two 9-day periods in 2011. We show traditional kernel-
based morphometric descriptions of roughness were ineffective in
describing temporal change, but indicated fine-scale albedo feedbacks at
depths of ~60 mm contributed to conditioning surface topography. We
found profile-based and two-dimensional estimates of roughness revealed
temporal change, and the aerodynamic roughness parameter, zo, showed
a 22-32% decrease from ~1 mm following the exposure of bare-ice, and
a subsequent 72-77% increase. Using geostatistical techniques, we
identified ‘hole effect’ properties in the surface semivariograms, and
demonstrated that hydrological drivers control the plot-scale topography:
degradation of superimposed ice reduces roughness while the inception of
braided rills initiates a subsequent development and amplification of
topography. Our study presents an analytical framework for future studies
that interrogate the coupling between ice surface roughness and hydro-
meteorological variables and seek to improve parameterisations of
topographically evolving bare-ice areas.

Keywords:
Glacier surface, roughness, photogrammetry, hydrology, semivariance
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1. INTRODUCTION

Across the Arctic region, glacier equilibrium lines are rising (Curley et al.,
2021; Ryan et al., 2019; Noel et al., 2019; 2020). Consequently, over the
coming few decades, the spatial extent of bare-ice during the ablation
season is expected to increase as the glaciers thin and recede (Huss and
Hock, 2015). The rate of melting in these bare-ice areas is controlled by
the radiative and turbulent energy fluxes, which are regulated,
respectively, by the ice surface’s albedo and topography (Hock, 2005). In
many continental glacierized locations radiative fluxes dominate the
surface energy balance (~77%); however, in climate regimes where cloud
cover is commonplace, the turbulent fluxes become more substantial
contributors, accounting for up to 80% of the energy available for ablation
(Willis et al., 2002). Phases of elevated turbulent energy fluxes are
commonly associated with synoptic ‘melt events’, which are often coupled
with rainfall, or occur during the ablation-to-accumulation season
transition period (e.g., Hay and Fitzharris, 1988; Gillett and Cullen, 2011;
Giesen et al., 2014; Doyle et al., 2015; Fausto et al., 2016). With
observations and forecasts of amplified warming in the Arctic (e.g.,
Overland et al., 2019), increasing synoptic rainfall events (Bintanja, 2018,
Bintanja et al., 2020), and an underestimation of cloud feedbacks (e.g.,
Middlemas et al., 2020), future projections of the region’s glacier mass
balance demand improved spatial and temporal parameterizations of ice
topography and turbulent energy fluxes.

Melting bare-ice glacier topography is complex and dynamic. This
variability, at the local scale, is driven by spatially differing ablation
caused by: crystal anisotropy (e.g., Greuell and de Ruyter de Wildt,
1999); emergent ice structures (e.g., Hambrey and Lawson, 2000;
Hudleston, 2015; Jennings and Hambrey, 2021); non-stationary
impurities (including dust and cryoconite: e.g., Gribbon, 1979; Bgggild et
al., 2010; Irvine-Fynn et al., 2011; Neild et al., 2013; Takeuchi et al.,
2018); and incipient surface hydrology and ‘micro-channels' (Mantelli et
al., 2015; Rippin et al., 2015; Bash & Moorman, 2020). However,
synoptic influences further complicate the evolution of topography: for
example, surface morphology can be reduced or eliminated during periods
of enhanced turbulent energy fluxes and/or rainfall-driven conductive and
latent heat exchanges (Muller and Keeler, 1969; Takeuchi et al., 2018;
Liu et al., 2020). Such close coupling between dynamic glacier surface
characteristics and hydro-meteorology offers an explanation for the
contrasting reports of spatial and temporal trends in topographic
variability, with examples of systematic evolution (e.g., Herzfeld et al.,
2003; Smeets and van den Broeke, 2008; Guo et al., 2011; Lui et al.,
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2020) countered by descriptions of incoherent change (e.g., Brock et al.,
2006; Guo et al., 2018). Reconciling these contrary perspectives, Smith
et al. (2020) suggested that, at the deci- to deca-metre patch- or plot-
scale, the temporal change in bare-ice surface topography is unordered,
yet is organized and predictable at larger (glacier) scales, primarily owing
to the progressive evolution of the supraglacial hydrological system.

Surface topography is commonly described by its texture or roughness,
and of the many representations or metrics (Smith, 2014), the
aerodynamic roughness length (zo) is commonly used to estimate the
turbulent energy flux in numerical models of glacier ice melt (Hock,
2005). Defined as the boundary layer height above the glacier surface at
which wind velocity reduces to zero, zo typically lies at the millimetre-
scale over ablating bare-ice, but can vary over several orders of
magnitude (Brock et al., 2006, and references therein). Because turbulent
energy fluxes are proportional to the square of the natural logarithm of
Zo, an increase in zo from 2.2 to 5.5 mm can increase turbulent energy
available for ice melt by 20% (Brock et al., 2006). Yet, despite the recent
increase in studies reporting bare-ice zo (e.g., Smeets et al., 1999; Rees
and Arnold, 2006; Brock et al., 2006; Smeets and van den Broeke, 2008;
Guo et al., 2011; Irvine-Fynn et al., 2014a; Smith et al., 2016; Guo et
al., 2018; Fitzpatrick et al., 2019; Chambers et al., 2019, 2021), the
understanding of how glacier surface topography and zo varies over space
and time, at a range of scales, remains incomplete (e.g., Smith et al.,
2020; Lui et al., 2020). This is particularly the case for the trajectory of
bare-ice as it transitions from superimposed ice with discrete residual
snow patches to a mature surface topography defined by hydrology.

The relative paucity of quantifications of heterogenous, emergent bare-ice
glacier surface roughness presents a persistent research challenge.
Fitzpatrick et al. (2019) concluded that topographic representations at ~1
m horizontal resolution are required to define bare-ice roughness
features, zo, and, by inference, surface processes. Such a fine-scale lies
below the resolution of many satellite-retrieved products used to monitor
or represent glacier surface characteristics (Chambers et al., 2021).
Consequently, many numerical melt models use either time-constant
values based on published estimates or tune the zo roughness value to fit
observed ablation or runoff observations (e.g., Arnold et al., 2006; Giesen
et al., 2014; Fausto et al., 2016; @stby et al., 2017).These simplifications
fail to reproduce the turbulent energy fluxes in a realistic manner (Hock,
2005), and prompt the continued desire for refinement of current
parameterisations of zg in glacier and ice sheet surface energy balance
models (e.g., van den Broeke et al., 2017).
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The spatial and temporal roughness patterns at metre to sub-metre
scales can be informative not only for zg but of dynamical processes,
interactions, and feedbacks at the surface (Herzfeld et al., 2000).
However, these insightful length-scales correspond to those of
supraglacial rills and streams and their spacing, cryoconite holes, foliation
and other ice structure, and, importantly, to the scale-dependency of ice
surface roughness between length-scales of 0.1 to ~2 m (Rees and
Arnold, 2006). Nonetheless, roughness variability at finer scales is
essential to inform the response of, and uncertainties in data retrieved
from assorted satellite platforms (Rees and Arnold, 2006; Fitzpatrick et
al., 2019; van Tiggelen et al., 2021). Yet, despite such critical questions,
assessments of bare-ice topographic dynamics, and their drivers, at high
resolution remain lacking.

The capability of time-lapse imaging and modern photogrammetric
methods to reveal fine-scale ice surface topographic change is evident in
recent glaciological investigations (e.g., Rippin et al., 2015; Ryan et al.,
2015; Rossini et al., 2018; Moorman and Bash, 2018), and exemplified by
retrievals of fine-scale bare-ice topography (e.g., Irvine-Fynn et al.,
2014a; Smith et al., 2016; Smith et al., 2020; Lui et al., 2020). However,
there remain relatively few studies that identify or verify processes
defining surface roughness and seek to improve the parameterisation of
Zo. Here, we contribute to this research gap by presenting a novel, low-
cost framework involving time-lapse photogrammetry to interrogate a
fine-scale surface microtopography time-series, and explore the role of
hydrology in conditioning glacier surface roughness at a High-Arctic site
over two 9-day periods in 2011.

2. FIELD SITE AND METHODS

Svalbard harbours ~5% of Earth’s glacier ice volume outside Greenland or
Antarctica (Martin-Espanol et al., 2017), and is getting warmer and wetter
(Hansen-Bauer et al., 2020), with rising seasonal snow-lines and
increased bare glacier ice extents during summer months (Noel et al.,
2020). In this climate-sensitive, glacierized locality, at Foxfonna (78.1°N,
16.2°E) we generated fine (millimetre) -scale surface elevation models for
a bare-ice plot to explore the temporal dynamism of roughness, which
defines the turbulent energy exchanges at the glacier surface and holds
relevance for summer mass balance across the changing Arctic region.

2.1 Foxfonna

Foxfonna is a small, high-elevation ice cap complex, which extends over
< 10 km? to ~820 m a.s.l., with two principal outlet glaciers discharging
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ice to lower elevations: the increasingly disconnected Rieperbreen to the
west, and Lower Foxfonna to the north (Christiansen et al., 2005; Rutter
et al., 2011). Lower Foxfonna is assumed to be cold-based, despite ice
thicknesses of up to 125 m (Liestgl,1974; Christiansen et al., 2005), with
surface elevations ranging from ~380 to 700 m a.s.l. where the glacier is
fed by an icefall descending from the ice cap (Figure 1A). The Lower
Foxfonna glacier flows north-west towards a large boulder moraine ridge,
bifurcating into two narrow tongues that extend to the north and north-
west, respectively.

During the melt season in 2011, we instrumented the larger, ~1.3 km?
north-western portion of the glacier and monitored a 9 m? surface
observation plot with a time lapse camera array. The summer melt
season at the site is characterised by persistent positive air temperatures
typically lasting for ~60 days, from mid-June to mid-August (Rutter et al.,
2011). However, as is typical in western Svalbard, cloud cover occurs for
at least 55% of the summer season, and snowfall is not uncommon
(Hanssen-Bauer et al. 1990). In 2011, residual seasonal snow remained
across much of the Lower Foxfonna glacier surface until mid-July, with the
subsequent decay of slush over 3 days exposing superimposed ice and
glacier ice over the lower elevations from around July 21 (Day of Year
(DOY) 202).
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Figure 1: (A) Map detailing Lower Foxfonna’s setting and topography,
and the locations of the 9 m?2 observation plot with a time lapse camera
array, the automatic weather station (AWS), and the TinyTag air
temperature stations during 2011. The background orthophoto from 2006
was made available by Store Norske Spitsbergen Kulkompani AS.
Foxfonna’s location in central west Svalbard is shown in the inset. (B)
Image of the observation plot, looking up-glacier, illustrating the
convergent camera set-up and reference markers with approximate scales
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and distances shown for the arbitrary coordinate system employed (photo
credit: Arwyn Edwards).

2.2 Hydrometeorological data collection

Local meteorology for the study site was recorded at an automatic
weather station (AWS) installed at 601 m a.s.l. on Lower Foxfonna. The
Campbell Scientific AWS recorded incident radiation (SWin: £10%), the 2
m air air temperature (Ta:£0.35°C), wind speed (£0.3 ms™!) that was
assumed to be dominantly katabatic and down-glacier, relative humidity
(£6%), and the distance-to-ice-surface (£0.4%) using a 22° field-of-view
ultrasonic depth sounder. All meteorological data were logged as hourly
averages of 1 min measurement sampling, and distance-to-ice was
recorded discretely each hour as the mean of 10 pulses. All sensors were
maintained at heights of between 1.5 and 2.5 m above the ice surface. To
eliminate noise in the ultrasonic sensor record, a simple 6-hour running
mean was used to smooth the ice ablation data, following application of
the manufacturer’s temperature correction factor. Precipitation (with an
accuracy of £8%) was acquired at 12-hour intervals from ~18 km north-
west of Foxfonna at Svalbard Lufthaven (available at www.eklima.no).

From the AWS data, we estimated the energy balance at our observation
plot following Brock and Arnold’s (2000) point-based approach adjusted
for high latitudes (see Irvine-Fynn et al., 2014b). Briefly, the model
estimates net short- and long-wave radiation, sensible heat, and latent
heat fluxes at a point at hourly time-steps using inputs of observed
irradiance, air temperature, windspeed and derived saturated vapour
pressure. Additional geometric data (e.g., latitude, elevation, slope, and
aspect), elevation difference between point of interest and the location of
the input meteorological records, and ice albedo and aerodynamic
roughness can be prescribed. Subsurface heat conduction is excluded
from the model. Incident radiation and wind speed at the AWS were
assumed to be representative for our observation plot, particularly as
terrain shadowing is not explicitly accounted for, while saturation vapour
pressure was assumed to hold an empirical relationship with relative
humidity and air temperature (Irvine-Fynn et al., 2014b). To describe the
air temperature at the plot elevation of ~492 m a.s.l., we employed three
Gemini TinyTag air temperature loggers in aspirated housings (precision:
+0.4°C) over the lower part of the glacier (see Figure 1). From DOY 200
to 240, hourly Ta and the three TinyTag records were highly correlated
(0.844 < r < 0.961; p < 0.05), and revealed a mean linear lapse rate of -
0.011 °C m! at the hourly time-step between 454 and 601 m a.s.l.. Air
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temperature at the observation plot was estimated from T, using a time-
varied, linear lapse rate derived for each hour.

Advancing the energy balance model to incorporate time-evolving surface
properties, we incorporated our photogrammetric data to describe the
albedo (a) and aerodynamic roughness (zo) at the observation plot (see
Section 2.4). Lastly, while anticipated to be small, we estimated the
additional melt generated by precipitation at the plot using the regional
17.5% per 100 m lapse rate (van Pelt et al., 2016). We assumed that
over the twelve-hour measurement intervals, precipitation fell at (i) a
steady rate, and (ii) the corresponding positive mean 2 m air temperature
at the observation plot; we discounted precipitation during periods where
air temperatures were < 0 °C (see Hock, 2005).

2.3 Digital image acquisition and photogrammetric processing

At the subjectively typical mid-glacier plot site, we targeted the
transitional time-period that follows the demise of seasonal snow-cover,
as residual snow and superimposed ice degrades, and bare glacier ice is
exposed and subject to increased melt. We advanced the image
acquisition methods described by Irvine-Fynn et al. (2014a) to record the
evolving ice surface topography. Specifically, three 14 Mpix Pentax Optio
WG-1 cameras in time-lapse mode were installed to provide red-green-
blue (RGB) stereo images of the observation plot, with redundancy
(Figure 1B). The Optio cameras capture 4288 x 3216 pixel JPEG images
with a bit depth of 24, using a CCD sensor (6.2 x 4.6 mm) with a focal
length range of 28 to 140 mm and maximum aperture of F3.5-5.5. The
cameras were mounted on wooden poles ~0.95 m apart, drilled into the
ice to depth of ~1.5 m, and oriented up-glacier with convergent optical
axes ~ 45° from nadir to minimize camera calibration errors (Wackrow
and Chandler, 2008). Images were captured automatically every hour
over a 4-week period from July 27 to August 22 (DOY 208-234), using
auto-focus mode with an auto-digital ISO 80-400 setting, amplified
sharpness, and no flash.

An important requirement of photogrammetry is the placement of ground
control points (GCPs) within the overlapping camera field of view. The
GCPs account for any movement in the cameras as well as tying the
resulting digital surface models (DSMs) to a defined coordinate system.
As there was no stable surface on which to install GCPs, an arbitrary
coordinate system was defined using a taut level string affixed ~0.5 m
above the ice surface between the northern-most camera pole and two
plastic poles drilled into the ice at 3 m spacing and surrounding the
observation plot. Markers were then placed every 0.5 m along the string
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and used as control points (Figure 1b). This rudimentary approach
provided a simple way to tie our models to this arbitrary coordinate
system; however, any movement of the poles over time would cause
deviations in the GCP positions that would translate into absolute
positional errors in the derived DSMs. While we mitigated these errors by
monitoring and re-surveying the GCP positions regularly (every two to
three days), their influence on our results was expected to be minimal
since our analysis focused only on relative changes in surface relief.
Moreover, any GCP drift caused by ice ablation would be gradual over
time and thus errors between sequential models would be small even if
the GCP movement was significant over time. Finally, while placement of
all GCPs on the same plane is not ideal, robust camera calibration and
tightly constraining the models to the encompassing GCP network helped
to maximize the relative quality of neighbouring DSMs in the time series,
though this is more important for change detection analysis than for
comparisons of surface roughness. We anticipated and found that these
surface changes and the relief were large compared to any resulting
relative error in the DSMs (see below).

Ice ablation during the observation period necessitated adjustment of the
time lapse camera array on Aug 1 and 13 (DOY 213 and 225): these
major amendments in GCP geometry were recorded manually with an
estimated uncertainty of 5 mm and 2°. Owing to a combination of misty
conditions or snow and camera lens icing that reduced visibility in the
images, and camera tilt that became problematic for adequately resolving
the GCPs, imagery between Aug 5 and 12 (DOY 217 and 224) was
discarded from the analyses. Following initial photogrammetric checks,
optimal lighting conditions for derivation of DSMs and orthomosaics were
found to be at 18:00 local time, and so one DSM was generated per day
at this time.

Camera calibration and photogrammetric processing to produce the DSMs
from the time-lapse imagery were undertaken in Topcon’s ImageMaster
Pro. For further details on oblique photogrammetric processing, see Wolf
and Dewitt (2000). Without independent means of measuring the ice
surface topography or GCP geometry, it was not possible to fully quantify
error in the DSMs. However, the block (or bundle) adjustment results
provide an indication of the photogrammetric fit to the final rasterized
solution. Here, mean horizontal DSM fit was estimated to be ~2 mm with
resolution along the optical axis of 2 mm. Vertical precision was lower,
and also included the millimetre-scale catenary error associated with the
control point set-up (Irvine-Fynn et al., 2014a). Nonetheless, with the
source image resolution, we estimated that a conservative, vertical sub-
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centimetre uncertainty remained (see Irvine-Fynn et al., 2014a; Smith
and Vericat, 2015), which lay below the anticipated daily ablation (Rutter
et al., 2011). The DSMs were resampled to a 5 mm horizontal resolution
across the observation plot.

2.4 Derivation of glacier surface metrics

To describe the changing morphology of a 1.5 x 1.5 m (2.25 m?)
common area across the 17 rasterized DSMs that were generated for the
observation plot, using a kernel equivalent to 5x5 pixels (0.025 m
resolution or 1 x 104 m2) we extracted three roughness metrics,
averaged across the plot: the relative position of topography (Jenness,
2006), standard deviation of elevations (Ascione et al., 2008), and Riley’s
terrain ruggedness index which describes the elevation difference
between adjacent DSM cells (Riley et al., 1999).

For comparison, we then extracted elevation data profiles from the
common area, oriented cross- and down-glacier at 5 mm intervals. Each
individual profile was linearly detrended, and the following standard soil
science roughness metrics were calculated, then averaged for the plot
(after Irvine-Fynn et al., 2014a): the standard error of elevation or
effective roughness height (the random roughness: Allmaras, 1966); the
absolute sum of slopes (Currence and Lovely, 1970); and a microrelief
index that is based on the maximum angle from the horizontal between
measured elevation points (Romkens and Wang, 1987). In glaciology, the
bulk aerodynamic approach that uses topographic profiles and Lettau’s
(1969) physical approximation (see Munro, 1989; Brock et al., 2006) is a
commonplace and satisfactory approach (Chambers et al., 2019) to
estimate zo. Therefore, we also derived roughness lengths (zom) from the
detrended across- and down-glacier profiles. Negligible difference in the
magnitude and patterns retrieved for each of the topographic metrics was
found following a reduction of the data sampling resolution to 10 mm,
corresponding to the finest resolution required for adequate
representation of roughness (Rees and Arnold, 2006).

Removal of larger-scale trends (e.g., overarching plot slope) is crucial for
more robust evaluations of surface roughness (James et al., 2007).
Therefore, to further our analyses, we used a two-dimensional linear
detrend to remove overarching surface slope signhatures for each DSM.
From each of these detrended DSMs, we calculated the Bearing Area
Curve, which is the cumulative distribution function of the detrended
elevations, and derived a z-score histogram. Lastly, following the 2-
dimensional method detailed in Smith et al. (2016), we determined two
cross- and two down-glacier estimates for each DSM, which accounts for
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upwind frontal area to calculate an alternative aerodynamic roughness
estimate (zos). Assuming zos to be a more robust measure of the bulk
aerodynamic roughness compared to zom (see Smith et al., 2016), we
then used these mean cross- and down-glacier metrics for each DSM to
derive a surface anisotropy index (Q: after Smith et al. (2006)).

To examine the frequency and orientation of any glacier surface
roughness signals in the detrended DSMs, we applied long-standing
spectral and geostatistical approaches (e.g., Mulla, 1988; Hertzfeld et al.
2000; Rees and Arnold, 2006). Firstly, we employed a two-dimensional
fast Fourier transform to retrieve a frequency domain depiction of the
amplitude of topographic variations in cross- and down-glacier directions
(e.g., Perron et al., 2008; Spagnolo et al., 2017); the detrended DSM
data were used without further adjustment or filtering. Subsequently, we
computed the overall spatial autocorrelation (or omnidirectional
semivariograms) from detrended elevation values extracted from 2000
randomly located points distributed across each of the detrended DSMs.
For comparison, each of the semivariograms were normalized to the
associated detrended elevation variance. The analysis was restricted to a
maximum lag distance of ~0.75 m, as defined by the plot scale. Guided
by the results of the Fourier transform (see Section 3.2), to explore
directional contrast in spatial autocorrelation, we recalculated directional
semivariograms for each of the DSMs using the two, perpendicular
directions of cross- and down-glacier, with a 30° tolerance.

To enhance the energy balance modelling at the observation plot using a
temporally varying albedo, we determined the apparent cryoconite area
with Imagel software (Schneider et al., 2012), using pixel thresholding of
the blue band of the daily orthophotographs (see Irvine-Fynn et al.,
2011). The apparent cryoconite area was converted to an albedo proxy
following the relationship reported by Irvine-Fynn et al. (2011) for
Longyearbreen, a similarly north-facing glacier proximate to Foxfonna;
cubic interpolation of these discrete, daily time-points provided an hourly
estimate of surface albedo at intervals, and the observed mean of 0.62
was used for the periods before and after the time-lapse imaging. With
knowledge that katabatic winds are dominant across Lower Foxfonna
(unpublished data), we prescribed a time-varied aerodynamic roughness
length in the model using the mean plot-scale cross-glacier profile (zom) at
18:00 each day, estimating zo at hourly time-steps over the observation
period with a cubic interpolation. For the time-periods before and after
the imaging periods, zo was fixed as the mean DSM-derived cross-glacier
zom. We note that our time-varying estimates of albedo and roughness are
not fully validated, and so while representing ‘best estimates’ they
introduce some uncertainty in the melt model outputs.
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3. RESULTS

3.1 Lower Foxfonna’s hydrometeorology

Figure 2 summarises the summertime meteorological conditions on Lower
Foxfonna in 2011. Over the imaging period, Ta remained low with a mean
of 3.4°C, and 52% of the days being classed as cloudy with maximum
daily SWin < 400 Wm-2. Ice ablation at the AWS typically reached 27 mm
d! (0.025 m w.e. d1). The observation period was characterised by two
phases separated by a precipitation event (DOY223-224): the first phase
becoming increasingly overcast over time, with declining air temperature,
low wind speed, and high humidity (DOY 208-222); the second, with
rising irradiance and air temperature, elevated winds, and comparatively
lower humidity (DOY225-234). These two contrasting phases also broadly
coincided with the two sets of reconstructed DSMs derived from the plot,
hereafter referred to as Observation Subperiods (OSP) 1 and 2. Both
imaging periods began with discrete patches of residual snow on the
glacier surface that took approximately 48 hrs to clear and expose bare-
ice.

The numerically simulated melt over 12-hr periods, corresponding to the
precipitation record interval, was highly correlated to observed ablation (r
= 0.97). Advected energy from rainfall was negligible, accounting for less
than 0.1 mm w.e. d'!, owing to low air temperature and temporally
averaged precipitation intensity. OSP1 was characterised by proportionally
high radiative fluxes (Figure 2G), with only minor contributions from
turbulent energy, because although air temperatures were relatively high
(Ta = 5 °C), wind speeds remained low (typically < 2 m s1). In the latter
stages of OSP1, melt rates declined from DOY 214-216 as both incident
radiation and air temperature declined. In contrast, OSP2 began with 3
days of net energy loss by the glacier (i.e. no melt), and the following five
days (DOY228-232) exhibited more balanced contributions to ablation
from radiative and turbulent energy fluxes, with elevated air temperature
(Ta< 5 °C) and wind speed (~2.5 m s1), which subsequently declined.
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423 Day of Year (DOY)
424 Figure 2: Time-series of hydrometeorological conditions at the
425 observation plot on Lower Foxfonna, illustrating: (A) incident radiation,
426  SWin; (B) air temperature at 2 m, Ta; (C) wind speed; (D) relative
427 humidity (RH) and precipitation; (E) cumulative ice ablation; (F) modelled
428 surface energy balance, with bars indicating total daily energy receipt
429 separated into radiative (red) and turbulent (blue) fluxes, with negative
430 values indicative of periods exhibiting energy lost from the glacier to the
431 atmosphere; and (G) schematic chart of image data acquisition, the two
432  OSPs and notable meteorological phases.
433 3.2 Fine-scale surface topography and roughness
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Our photogrammetric approach yielded 17 fine-scale DSMs and
orthomosaics describing the ice surface at the observation plot (Figure
3A). Throughout the DSM time-series, the ice surface topography
changed (Figures 3B-D). The seventeen 5 mm horizontal resolution DSMs
revealed the plot was typically characterised by a mean relief of 0.26 m,
with a standard deviation of 0.055 m. Daily differencing of the DSMs over
the common area showed a maximum elevation change of -0.115 m di;
however, recognising the spatial uncertainties within the DSMs, using a
5x5 pixel kernel, the mean relief decreased to 0.24 (£ 0.055) m with a
maximum ablation of 0.092 m w.e. d-!. Across the common area over the
observation period, the DSMs revealed a mean ablation of 0.028 m w.e.
d-1 (Figures 4A, 4B), which equalled that reported at the weather station
(Section 3.1; Figure 2E).

Elevation (m a.s.l.)

0.5

Down-glacier distance (m)
1.0

0.5
0 Cross-glacier distance (m)

Down-glacier distance (m)
(w) @oueysip Ja10€|B-UuMOQ

1.5

0 0.5 1.0 15 0 0.5 1.0 15 0 0.5 1.0 1.5
Cross-glacier distance (m) Cross-glacier distance (m) Cross-glacier distance (m)

-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Detrended elevation (m)

Figure 3: (A) Example three-dimensional visualisation of the 2.25 m?
observation plot for DOY213 retrieved following our photogrammetric
workflow; the 5 mm resolution DSM, with vertical exaggeration, is

overlain by the coincident 2 mm orthomosaic and highlights fine-scale
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morphology and the presence of impurities across the plot. Shaded
contour plots for the two-dimensionally detrended DSMs retrieved for (B)
DOY213, (C) DOY225, and (D) DOY233 illustrating the evolving
topography of the bare-ice surface. Note the reduction in plot’s
topography between 1.0 and 1.5 m in the cross-glacier direction.
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Figure 4: Kernel-based elevation, roughness and brightness metrics
across the observation plot, and their variation over time during OSP1
and OSP2. (A) Surface elevation based on GCPs for OSP1 and OSP2,
noting the elevation data is not continuous between the OSPs; (B) ice
surface elevation change for the preceding 24-hour period; (C) mean
surface slope over the observation plot; (D) mean surface aspect; (E)
position of topographic roughness, RPoT; (F) standard deviation of
elevation, SDoE; (G) Riley’s topographic ruggedness index, RTR; (H)
blue-band othomosaic brightness reported as a digital number (DN); and
(I) RGB orthomosaic brightness (DN). Error bars are given as £1x
standard deviation.

The mean DSM pixel scale slope varied over a 5.5° range throughout the
OSPs, but the mean aspect and the traditional kernel-based
morphological metrics remained constant over time (Figures 4C-F). Owing
to its dependence on kernel-scale slope, Riley’s topographic ruggedness
index showed subtle variation centred at ~0.23 m (Figure 4G). As source
images were not colour-calibrated and the camera automatically adjusted
the F-stop, ISO and exposure time, the temporal pattern in the RGB
brightness was challenging to interpret (Figure 4I); however, the blue-

14



478
479
480
481
482
483
484
485
486
487

488

489
490
491

492
493
494
495
496
497
498
499
500
501
502
503
504
505

band brightness, as an albedo proxy (see Irvine-Fynn et al., 2011),
suggested a declining surface reflectance during OSP1, and subsequently
a subtle increase during OSP2 (Figures 4H). For the individual DSMs,
correlations between kernel-based surface descriptors and the associated
melt rate were generally weak (|r| < 0.1) but highly varied, with both
positive and negative spatial correlations (-1 < r < 0.98) depending on
the day of observation, and with no identifiable difference between OSP1
and OSP2 (Figure 5). Elevation change at the kernel-scale, between
sequential DSMs, was not consistently correlated to any ice surface
descriptor for the first DSM of each pair (Figure 5).
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Figure 5: Illustration of the number of positive and negative correlations
between all of the kernel-based DSM surface metrics and surface change
(dz) for (A) the observation period, (B) OSP1 and (C) OSP2.

The variability in surface topography and roughness (Figure 3) over the
OSPs was better evidenced by the profile-based metrics, with directional
difference evident between the cross- and down-glacier directions
(Figures 6A-6E). The cross-glacier random roughness and microrelief
indices were 17% to 88% greater than their counterparts oriented down-
glacier; for zom this directional contrast was greater at 38% to 180%.
These relative directional disparities were most pronounced during OSP2
(from DOY229). A similar contrast was seen in zgs, with down-glacier
values being 17% to 30% greater than the across-glacier direction. With
the exception of the sum of slopes, temporal decline characterised the
cross-glacier profile-based roughness metrics over the OSP1, which then
increasing during OSP2. The IS metric lacked clear, systematic variations
over time which suggested that the surface texture remained broadly
similar throughout the OSPs. The detrended DSMs revealed the

15



506
507
508
509
510

511

512
513
514
515
516
517

518
519
520
521
522
523
524
525
526
527
528
529
530
531

observation plot surface was weakly anisotropic, with cross-glacier
roughness zos consistently greater than equivalent down-glacier values (-
0.13 < Q< -0.07). A seasonal trend in Q with a significant increase over
time (r2 = 0.79; p < 0.01; n = 17) showed the surface became
progressively more isotropic (Figure 6F).
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Figure 6: Profile-derived and two-dimensional roughness metrics, and
their variation over time. (A) random roughness, RR; (B) absolute sum of
slopes, xS; (C) microrelief index, MI; (D) profile-based bulk aerodynamic
roughness estimate, zom; (E) two-dimensional aerodynamic roughness
estimate, zos; and (F) anisotropic index derived from cross- and down-
glacier zos. Error bars are given as +£1x standard deviation.

Examining the time-series of roughness metrics (Figures 4 and 6), of the
kernel-based metrics, only the Riley’s ruggedness index showed strong,
positive association with the profile-based cross-glacier roughness metrics
(0.74 < p< 0.84; p < 0.01). The cross-glacier profile-based metrics were
all positively correlated: Spearman’s p > 0.77, p < 0.01. Speculating that
glacier roughness increases under radiative-driven melt, and decreases
under turbulent fluxes (Muller and Keeler, 1969), from the melt model
output we derived these two cumulative energy fluxes for 24-hour
intervals preceding each DSM, and the associated turbulent:radiative
energy flux ratio. Riley’s ruggedness metric, and profile-derived random
roughness, microrelief index, and both zo metrics were all significantly
correlated to both the daily cumulative radiative energy (0.31 < p < 0.66;
p < 0.05), and the blue-band brightness (0.60 < p <0.93; p< 0.02).
However, only the kernel-based relative position of topography metric
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showed significant association with cumulative turbulent energy and the
turbulent:radiative energy ratio.

Table 1: Correlation matrix for daily energy flux proxies and mean
observation plot roughness measures. Correlations are reported with the
Spearman’s p-value, and those which are significant at the 95%
confidence level are italicised and shaded. Cumulative incident radiation
and turbulent energy, and the turbulent:radiative energy flux ratio for the
24-hour periods between each DSM are denoted XRad>4, XTurb24 and
[T:R]24, respectively. Brightness was extracted from both the RGB and
blue-band orthomosaics of the observation plot.

, Brightness Brightness
YRad>4 STurbaa [T:R]24 (RGB) (blue)
>Turb24 0.19
[T:R]24 0.60
Brightness
(RGB) 0.09
Brightness
(bloc) 0.65
Relative position
0.42 0.72 0.71 0.02 0.05
of topography
Standard deviation | -, 5 -0.06 -0.10 0.45 -0.49
of elevation
Riley’s topographic 0.31 -0.36 -0.26 -0.17 0.70
ruggedness
Randof® 0.61 -0.17 0.08 -0.11 0.85
roughness
sumof| g g 0.00 20.02 -0.07 0.60
slopes
Microrelief | = 66 -0.07 0.10 0.02 0.92
index
ZoM 0.60 -0.18 0.07 0.08 0.90
Zos 0.50 -0.17 -0.11 -0.01 0.88
Anisotropy, Q -0.39 0.44 0.19 0.18 -0.72

Once bare-ice was exposed in OSP1, zom decreased over time (r?2 = 0.87;
p < 0.01), but this was coincident with a decline in the radiative energy
over the same timescale (r?2 = 0.44; p < 0.05). Conversely, over OSP2,
zom increased (r2 = 0.77; p < 0.01) but concurrent increases in daily
radiative or turbulent fluxes were insignificant (r2 < 0.08; p > 0.2). The
temporal trends in zos were similarly significant in both OSPs. During
OSP1, the difference between cross- and down-glacier zom decreased by
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0.05 mm d! indicative of a smoothing of the ice surface; for zos, this
decline was 0.025 mm d1. In comparison, during OSP2 the directional
difference rose by only 0.03 mm d-! for zos and 0.01 mm d-! for zom.

The Bearing Area Curves (Figure 7A) showed a broad similarity in form,
typically with the lower 50% of the detrended elevation range occupying
only between 19% and 47% of the total area, with exception to the two
outmost curves (DOY225 and 228). The slightly positive elevation skew
revealed by the Bearing Area Curves was clear in the corresponding z-
score histograms (Figure 7B): a z-test confirmed that all the detrended
DSMs statistically followed a normal distribution (|z] < 1.15 x10°1%; p <
0.01) although there is a higher probability that a point in the detrended
DSM surface lies between 0 and +1 standard deviation of the detrended
elevation range, equivalent to approximately 0 to 16 mm above the
generalised mean surface plain. There was some variability seen in the z-
score plot suggestive of topographic variability at intermediate depths
(0.8 to 32 mm) below the generalised surface plane.

1

~ 075

score

0.5

Cumulative elevation (%
Zz-

0 0 0.25 0.5 0.75 1 - 0 2 4 6 8 10
Cumulative area (%) Frequency (x103%)
OSP1: OSP2:
209 oo 212——  215——-  225---- 228 —— 231
210 —-— 213 216 ——  226—-— 229 232
211 ——- 214 —-- 227——- 230 233 ——

Figure 7: (A) Bearing Area Curves for each detrended DSM and (B)
detrended DSM z-score histograms, showing an absence of any
systematic change over time. Curves are plotted for each of the 17
detrended DSMs, indicated for each DOY.

The two-dimensional Fourier transform consistently showed highest power
in the centre of the Fourier domain (Figure 8), corresponding to low
frequency signals and gradual changes in the glacier surface topography.
Critically, the orientation of any dominant periodicity in the topography
would produce perpendicular lines in the Fourier power plots. The absence
of any oblique patterns in the Fourier power surfaces (Figure 8),

18



578
579
580
581

582

583
584
585
586

587
588
589
590
5901
592
593
594
595
596

597
598
599
600
601
602
603
604
605
606

suggested topographic periodicity in the detrended DSMs was oriented in
the plot’s across- and down-glacier directions. The relative power of these
two perpendicular signals was reduced for DOY 225 and 233, indicative of
a reduced topographic variability during OSP2.

Down-glacier wavevector (/m)
o
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Figure 8: Plots of the two-dimensional Fourier transform of the
detrended DSMs retrieved on (A) DOY213, (B) DOY225, and (C) DOY233,
highlighting the absence of any topographic signal oblique to the cross-
and down-glacier directions.

With regard to spatial autocorrelation in surface topography, the
omnidirectional semivariograms, derived from the detrended DSMs,
showed a contrast between OSP1 and OSP2 (Figures 9A and 9B). During
OSP1, the semivariograms showed similar form, with a lag distance of
0.43 and 0.49 m to the peak semivariance of 0.00045 (£0.0001) mZ. For
OSP2, the peak semivariance was reduced, at 0.00015 (£5.5 x107) m?,
and the associated lag distance varied from 0.37 to < 0.73 m. However,
none of the individual semivariograms could be modelled using
monotonically-increasing spherical, exponential or gaussian model
functions (e.g., Rees and Arnold, 2006; Ryan et al., 2017).

With roughness metrics (Figure 6) and the two-dimensional Fourier power
spectrum (Figure 8) confirming the topographic signals aligned with the
across- and down-glacier geometry, the directional semivariograms
across- and down-plot revealed a ‘hole effect’ semivariogram model
(Journel and Huijbregts, 1978; Pyrcz and Deutsch, 2003). During OSP1,
the cross-glacier empirical semivariograms peaked at a lag distance of
~0.4 m, falling thereafter with the suggestion of a cyclical form at lag
distances < 0.7 m (Figure 9C); the down-glacier semivariance, in
contrast, tended to approach a sill at a lag distance of ~0.5 m (Figure
9E). During OSP2, the shape of the semivariograms was less coherent,
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with cross-glacier semivariograms continuing to increase or showing
indications of some variability at lag distances > 0.4 m (Figure 9D); in the
down-glacier direction, some days exhibited monotonic increase towards
the overall plot semivariance at ranges > 0.6 m, while others (snow-
affected DOY225-227) displayed semivariance peaks at lag distances of
~0.4 m (Figure 9F).
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Figure 9: Variance-normalised empirical semivariograms derived for the
detrended DSMs generated for OSP1 and OSP2: omnidirectional
semivariograms for OPS1 (A) and OSP2 (B); cross-glacier semivariograms
for OSP1 (C) and OSP2 (D); and down-glacier semivariograms for OSP1
(E) and OSP2 (F). Semivariograms are reported for each DOY within the
OSPs. Note, DOYs 209, 210, 225-227 were affected by declining patches
of residual snow over the observation plot.

4. DISCUSSION

Conventional understanding of bare-ice topographic development
suggests that roughness increases over the melt season following the
elimination of seasonal snow as the ice surface degrades and supraglacial
channels and hummocks are established (Smith et al., 2020). We,
therefore, examine our microtopographic data from Lower Foxfonna for
the two, contrasting time-periods, OSP1 and OSP2, within this context.
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4.1 Hydrometeorology, ablation and roughness

We observed daily bare-ice microtopography over two week-long periods:
OSP1 was dominated by radiative energy fluxes, while OSP2 exhibited a
higher proportion of turbulent energy fluxes, compared to OSP1. Over the
full observation period, the AWS recorded ice ablation rates of 25 mm
w.e. dt. These rates were reproduced by the differencing of the time-
series of photogrammetrically-derived DSMs (28 mm w.e. d*1), and
demonstrated the robustness of the methodological approach,
acknowledging the associated uncertainties. The ablation forecast over
the same time by the point-based energy balance, despite being highly
correlated to observed surface lowering, over-predicted the observed melt
by ~30%. This discrepancy is explained by the cold thermal regime that
Foxfonna exhibits: energy is lost to subsurface conduction (e.g., Arnold et
al., 2006; @stby et al., 2017). Such losses are not accounted for in the
melt model employed to estimate radiative and turbulent energy
contributions, and so are not examined further here.

Our analytical approach demonstrated that traditional kernel-based
measures, which classed the bare-ice surface as smooth or flat, offer
limited insight into spatial and temporal topographic variability that the
profile-based or 2-dimensional assessments reveal. Examination of
metrics derived from 1x1 to 9x9 pixel kernels emphasised that increased
kernel size reduced the range and variability reported by each metric: a
scale-dependent behaviour well known in geomorphology (e.g.,
Brasington et al., 2012). Previous work has employed an adapted
standard deviation of elevation over large kernels to report glacier surface
roughness (e.g., Rippin et al., 2015; Rossini et al., 2018). However, the
potential for such measures to reveal morphological change over time is
unclear. Here, particularly for bare-ice surface areas, we suggest that
more thorough scaling analyses of surface roughness are needed (e.g.,
Chambers et al.; 2021; Fitzpatrick et al., 2019; Smith et al., 2020).
Owing to the scale-dependence of both ice roughness itself (Rees and
Arnold, 2006) and traditionally employed roughness metrics, multi-scale
approaches should be explored (e.g., Lindsey et al., 2015, 2019),
particularly to discern and describe temporal change, or relate ground
validation to coarser resolution satellite data retrievals.

The nature of the variability of the surface topography was not readily
explained by the geometries and metrics describing the DSMs or the
orthomosaics, highlighting the complexity of the evolution of bare-ice
topography and contrasts in the meteorology during the two OSPs.
Processes such as the lateral advection and redistribution of meltwater
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(Mantelli et al., 2015; Bash and Moorman, 2020) or impurities (Irvine-
Fynn et al., 2011; Chandler et al., 2015; Takeuchi et al., 2018) occur at
length-scales greater than the 25 mm kernel and over time-scales below
our daily observation period. However, there were indications of the
apparent influence of discrete impurities on surface roughness. The blue-
band brightness typically offers strong discrimination between impurities
and ice (see Irvine-Fynn et al., 2010). Across the plot, Riley’s topographic
ruggedness, the profile-based roughness metrics, and daily radiative
energy receipt and blue-band brightness changed concurrently: such an
association can be explained by the melting in (or out) of impurities
(Gribbon, 1979; Bgggild et al., 2010; Takeuchi et al., 2018) and their
visibility from the oblique imaging geometry, and the presence of
meltwater. This process is supported by the variability in the elevation
distributions with the changes at depths of up to 60 mm from the ice
surface. Such depths accord with those of small cryoconite holes and
supraglacial rills observed elsewhere in Svalbard (e.g., Telling et al.,
2012; Rippin et al., 2015). Because brightness was not normalised across
the orthomosaic time-series, a more robust image calibration (e.g., Ryan
et al., 2017) approach would be required to strengthen these tentative
spatio-temporal albedo and roughness associations.

4.2 Aerodynamic roughness length evolution

Our data revealed mean estimates of zo < 1.5 mm, with anisotropy
evident in dissimilar down- and cross-glacier evaluations, as previously
reported for glacier ice (e.g., Brock et al., 2006; Guo et al., 2011; Irvine-
Fynn et al., 2014a; Smith et al., 2016; Fitzpatrick et al., 2019; Liu et al.,
2020). The profile-derived and two-dimensional roughness metrics
demonstrated evolution during both OSPs, with rates of change in zo that
compare well to those reported by Smith et al. (2020), and our data
demonstrate the trajectory of roughness as the glacier surface transitions
from residual snow and superimposed ice to bare-ice. To explain the
decline then subsequent rise in surface roughness on Lower Foxfonna, we
employ a five-stage conceptual model of the development of surface
features (after Guo et al., 2011; Smith et al., 2020): residual, melting
snow roughness increases (stage 1), then, here, following the exposure of
bare-ice on DOY209, zp initially declines (stage 2), subsequently
beginning to increase as the melt season continues and bare-ice degrades
(stage 3), and then progressively develops a more hummocky form
(stages 4). It is unclear if our observations reveal the bare-ice's seasonal
‘peak roughness’ (stage 5: Smith et al., 2020).
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On glaciers across Svalbard, superimposed ice commonly forms early in
the melt season, and is subsequently exposed and degraded as ablation
progresses (Wadham and Nuttall, 2002). On Lower Foxfonna, in 2011,
immediately prior to the demise of the snowpack in late July (DOY202:
see Section 2.1) superimposed ice had formed and been preserved with a
thickness of ~0.2 m (Koziol et al., 2019). This friable superimposed ice
layer comprised ice lenses and cryoconite distributed below ~55% of its
depth. During OSP1 (stage 2), through a combination of refreezing within
the degrading superimposed ice layer and the subsequent progressive
exposure of the underlying glacier ice, the topography appeared to
smoothen. This (stage 2) trajectory was also promoted by the
simultaneous decrease in radiative energy flux, which would reduce the
likelihood of differential ablation arising from impurity or ice-structural
albedo-feedbacks. The elevated estimated albedo (~0.62: see Section
2.4) compared to more typical values of ~0.4 for glacier ice (Cuffey and
Paterson, 2010), offered further evidence of a superimposed ice
dominated stage.

The timing of the precipitation event, which included snowfall at the time-
lapse camera array site, and the resulting data quality issues prevented
us from describing the topographic changes as superimposed ice was
eliminated (stage 3). However, at the start of OSP2, residual snow cover
affected the topography of the plot, most clearly evident in the Bearing
Area Curve. As OSP2 progressed (stage 4), increasing roughness was
driven by the sustained energy fluxes and, with turbulent fluxes
dominant, spatially varied ablation arose from the surface feedbacks
associated with rill development and the progressive roughening of the ice
surface.

The importance of the observed changes in zo were best illustrated with
subsequent melt model runs, that compared the dynamic albedo and zom
roughness parameterisation to scenarios with zg set as constants: using
the minimum recorded across-glacier zom and zgs, throughout the
observation period, melt due to turbulent energy at an hourly time-scale
was underestimated on average by approximately 7%, while for the
equivalent maximum values this was a 10-15% overestimate. These
disparities in turbulent energy fluxes translated to a typical mean
uncertainty in predicted hourly ablation of up to 10%.

4.3 Hydrological drivers of ice surface roughness

Identification of the hole effect in the semivariograms derived from the
detrended DSMs implies that there is an underlying form of cyclicity or
structure in the topography at the plot-scale (Pyrcz and Deutsch, 2003).
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Here, the interpretation of the cyclical signature in the cross-glacier
semivariogram, and supressed down-glacier semivariogram, is that
throughout OSP1, the glacier surface was characterised by down-glacier
oriented ridges, spaced at ~0.8 m intervals. The period was defined by a
low turbulent to radiative energy ratio, and the location exhibits ice
structure parallel to the surface slope, with foliation and/or antecedent
topography at the observation plot broadly oriented down-glacier (Figure
10A). The orientation of apparent ridges aligned with the surface slope
and structure may also control: (i) the distribution of impurities, and (ii)
the local thickness of superimposed ice, its internal drainage and
meltwater refreezing. Such controlling factors maintain a down-glacier
oriented topography throughout OSP1, whilst accommodating the
declining roughness and anisotropy.

Figure 10: Images of the observation plot on (A) July 31, DOY212, and
(B) Aug 21, DOY233 that reveal the down-glacier oriented foliation and
brighter ice dominates surface morphology during OSP1 while during
OSP2, a more complex ‘island’ topography develops, reducing the
dominance of the down-glacier orientation of relative relief.

In contrast, OSP2 showed a differing semivariogram form, with a
dampened or absent cyclicity in the cross-glacier direction and, in the
down-glacier direction, either an apparent sill at lag distances > 0.8 m or
tentative suggestions of cyclicity on the residual snow affected days.
These semivariogram forms are suggestive of regular or irregular lenses
or ‘islands’ on the surface (Pyrcz and Deutsch, 2003). Here, the
semivariograms were interpreted to indicate the surface topography
evolved from structurally-controlled ridges in OSP1 to upstanding islands
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0.4 m to 0.8 m long in the down-glacier direction and 0.5 m in the cross-
glacier direction in OSP2 (Figure 10B). However, these islands appeared
to be quasi-transient, decaying as residual snow melted and OSP2
progressed further. While turbulent energy comprised a higher proportion
of the total melt energy during this phase, ablation was less governed by
albedo and likely more spatially uniform, but with melt rates remaining
low, the ablating glacier ice likely experienced development of distributed
rills and micro-channels, which progressively migrated over the surface
(Rippin et al., 2015; Mantelli et al., 2015; Bash and Moorman, 2018).
Such rills would be conducive to the formation of the transient ice islands;
as ablation continues, these rills are subject to increasing meltwater
fluxes, and establish a slope- or structure-defined drainage network
thereby increasing surface roughness.

The evolutionary sequence we illustrate above (Figure 3B-3D) accords
with the typical hydrological activation of an ablating glacier surface
(Hambrey, 1977): sheetwash occurs on newly exposed ice with a portion
refreezing, and as melting proceeds, meltwater flow initiates rills. As
meltwater fluxes rise, this incipient drainage network then incises and
develops. The maturing network is commonly influenced by surface slope
and/or ice structure and becomes the antecedent topography for the
following summer season. At Lower Foxfonna, during OSP2, the low rate
of ablation reduces the hydrologically-driven amplification of roughness
generated through the establishment of a drainage network. This reduced
development of surface topography is exacerbated by several intertwined
factors: Foxfonna’s dominantly cold thermal regime, which reduces the
energy available for melt and to change topography through ablation; the
relative balance between radiative fluxes that promote the formation of
roughness elements; and the turbulent fluxes that, by acting on the
topographic highs, can reduce roughness. Consequently, the ice surface
remains defined by small scale rills, and a general decrease in anisotropy
towards zero, despite an increase in both the directional zo metrics.

On the basis of our findings, we argue that the hydrology-roughness
correlation, identified at a coarse scale by Rippin et al. (2015), may take
two forms: firstly, down-glacier oriented topography aligned with
structure and/or peak melt season hydrology; and secondly, topography
generated by supraglacial rills that braid or anastomose. We hypothesise
that the latter may be more common during cloudy periods with elevated
turbulent energy fluxes, at least in cool Arctic summer conditions. Our
dataset, owing to its brief duration and short singular synoptic time
periods, did not allow us to robustly examine the role of turbulent energy
fluxes in smoothing the glacier surface, as hypothesised by Muller and
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Keeler (1969). It remains unclear, therefore, whether during periods
dominated by turbulent energy flux, a feedback exists wherein continued
braiding of rills an associate ice ablation supresses the evolution of
roughness, or whether the meltwater volumes produced enable rill
coalescence, incision and the evolution of a rougher surface.

4.4 Summary and wider relevance

We highlight that traditional morphometric measures (e.g., Gallant and
Wilson, 2000) at fine-resolution are ineffective in providing insight into
bare-ice topographic variability, in part owing to the comparatively
smooth nature of ablating glacier ice in the absence of lager scale
roughness features (e.g., Cathles et al., 2010; Dachauer et al., 2021).
However, at the 25 mm kernel-scale our data revealed an inverse
association between blue-band surface brightness and Riley’s roughness
index. With knowledge that the Bearing Area Curves and z-score
histograms revealed a near-surface variability and the blue-band albedo
proxy offers a first-order discrimination between ice and impurities
(Irvine-Fynn et al., 2010), the relationship invoked the melting in and out
of impurities, respectively increasing and decreasing albedo (e.g., Bgggild
et al., 2010). Lower albedo impurities may also include meltwater, or the
water column that exists within features such as cryoconite holes (e.g.,
Gribbon, 1979; Cook et al., 2016; Takeuchi et al., 2018). Consequently, it
is important to note that the retrieval of ice surface topographic
roughness metrics using photogrammetric techniques, including
derivation of zg estimates, may require consideration of refraction
through-water. However, given the scale of features such as cryoconite
holes and rills, such adjustments are most likely to have a small effect
(Woodget et al., 2015). In energy transfer terms, the aerodynamic
roughness length may, locally, be defined by the water surface, not the
ice surface; therefore, in areas exhibiting a high frequency of rills or
water-filled topographic lows, spatial or temporal variations in the near-
surface or surface water table (Cook et al., 2016) may be an important
consideration for defining seasonal and sub-seasonal patterns in zo.

Further evidence of hydrological controls on bare-ice roughness was found
in the temporal evolution of the plot’s profile-based and two-dimensional
roughness metrics. This evolution followed Smith et al.’s (2020)
conceptual model, and highlighted that the degradation of superimposed
ice results in the rapid decline in zo following the elimination of seasonal
snow, while subsequent melt promotes a subtle increase in roughness.
The analysis of semivariograms revealed the superimposed ice phase
exhibits topography defined by antecedent, slope- and/or structure-
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oriented features likely exploited by the hydrological activation of the
surface. The presence or absence of superimposed ice may condition the
magnitude, rate and duration of this initial bare-ice roughness decline.
Then, as melt continues, and particularly under conditions of elevated
turbulent energy fluxes, the bare-ice surface topography becomes
characterised by the formation of braided rills and their development
towards a parallel drainage network. It is unclear whether roughness
stimulates rill geometry (e.g., Mantelli et al., 2015) or ice structure and
hydrology define the spatial arrangement of roughness. With the specific
form of topography critical to the frontal area exposed to the prevailing
wind, transitions between aligned and braided forms influence the true
aerodynamic roughness lengths, zo, and emphasise the need to employ z-
os (Smith et al., 2016) to characterise the surface metric. However, as
this study reports a single site over a single melt season, separation of
the coupled meteorological, ice structural and hydrological drivers
remains equivocal and invites further study.

With evidence of hydrological controls underlying surface roughness,
themselves associated with relative balances between radiative and
turbulent energy drive ablation, we suggest the activation and evolution
of supraglacial hydrology represents a primary control on bare-ice zo.
Variation in ablation regime and meltwater fluxes impacting on zg can
explain the contrasting, unsystematic or indiscriminate trajectories of
roughness either over time particularly at the plot-scale (e.g., Brock et
al., 2006; Guo et al., 2018; Smith et al., 2020; Lui et al., 2020). Under
melt regimes with higher turbulent energy fluxes, the maintenance of
braided rills and micro-channels may supress zo. Consequently, we
suggest that in a warming climate, in both Arctic and Alpine settings,
owing to potential changes in the ratios between turbulent and radiative
energy fluxes: (i) the ablation-to-accumulation season transition may
experience reductions in zo, and (ii) the hydrological response of glacier
surfaces will define their aerodynamic roughness trajectory, surface
anisotropy, and the morphology inherited from one year to the next.

The advent of consumer-grade high-resolution imaging platforms,
including uncrewed aerial vehicles, and photogrammetric software
packages (e.g., Rippin et al., 2015; Ryan et al., 2015, 2017; Moorman
and Bash, 2018) offers considerable opportunity to develop fine-scale
bare-ice topographic time-series across multiple sites and years. Such
data sets, and the analytical framework presented here, would facilitate
(i) a refinement of the model of seasonal progression of surface
roughness (Smith et al., 2020), including end-of-melt-season trajectories;
(ii) an improved understanding of the relative significance of the energy
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balance components, ice structure, and rills or micro-channels in defining
surface topography; and, (iii) better constraints on the retrieval of
coarser-resolution satellite-derived measures, their variability and
physical meaning. These are critical questions for improving projections of
future glacier mass balance and seasonal runoff patterns in the Arctic and
elsewhere, where snowlines are forecast to rise (e.g., Huss and Hock,
2015; Ryan et al., 2019; Noel et al., 2019, 2020; Zebre et al., 2021) and
bare-ice extents and turbulent energy exchanges to increase, transiently
on receding valley glaciers or more progressively around the margins of
Greenland and Antarctica over the coming decades.

5. CONCLUSIONS

Modelling studies have forecast an increase in the extent of bare glacier
ice during the summer melt season in the Arctic over the next few
decades as air temperatures rise. The warmer air can contribute to raising
ice ablation as turbulent energy fluxes increase, which themselves are
modulated by the ice surface topography and its aerodynamic roughness.
Employing a novel time-lapse digital imaging and photogrammetry
methodology at a High-Arctic site, we demonstrate fine-scale temporal
evolution of ice topography over two 9-day melt-season periods. Our data
showed that traditional kernel-based geomorphological metrics commonly
used to describe roughness were not effective in revealing the temporal
dynamics in ice surface topography that were evident in profile-based and
2-dimensional metrics. The anisotropic ice surface evidenced a
progressive decline followed by an increase in aerodynamic roughness at
the millimetre scale. Using a geostatistical and spectral analysis of the
surface topography we demonstrate that roughness variations relate to
the vertical movement of impurities and hydrological activation of the ice
surface. Over time, down-glacier oriented, superimposed ice ridges
transitioned to a bare-ice surface characterised by braiding rills, which
highlights the importance of supraglacial hydrology in modulating surface
roughness. With forecasts of rising air temperatures, cloudiness and
rainfall in Arctic latitudes, augmented turbulent energy fluxes may result
in the increased prevalence of rill-dominated hydrology. Consequently, to
better constrain seasonal and sub-seasonal trajectories of glacier
topography to employ within numerical mass balance models, we suggest
our analytical approach provides a framework for future studies using
fine-scale digital surface models. Assessments should exploit not only
topographic time-series, but also integrate geostatistical analyses coupled
with meteorological data to identify both time-variable process and form.
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