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Abstract

In a warming Arctic, as glacier snowlines rise, short- to medium-term increases in sea-

sonal 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 hypothesized to be controlled by supra-

glacial hydrology at the glacier scale. However, current understanding of the dynam-

ics 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 m2 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, z0, showed a 22–32% decrease from �1 mm following the

exposure of bare-ice, and a subsequent 72–77% increase. Using geostatistical tech-

niques, we identified ‘hole effect’ properties in the surface elevation semivariograms,

and demonstrated that hydrological drivers control the plot-scale topography: degra-

dation of superimposed ice reduces roughness while the inception of braided rills ini-

tiates 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 parameterizations of topographically evolving bare-ice areas.
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1 | INTRODUCTION

Across the Arctic region, glacier equilibrium lines are rising (Curley

et al., 2021; Noël et al., 2019, 2020; Ryan et al., 2019). 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 & Hock, 2015). The rate of melting in these bare-ice areas is

controlled by the radiative and turbulent energy fluxes, which are reg-

ulated, 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
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elevated turbulent energy fluxes are commonly associated with syn-

optic ‘melt events’, which are often coupled with rainfall, or occur

during the ablation-to-accumulation season transition period

(e.g., Doyle et al., 2015; Fausto et al., 2016; Giesen et al., 2014;

Gillett & Cullen, 2011; Hay & Fitzharris, 1988). 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 parameteriza-

tions of ice topography and turbulent energy fluxes.

Melting glacier bare-ice surface topography is complex and

dynamic. This variability, at the local scale, is driven by spatially differ-

ing ablation caused by crystal anisotropy (e.g., Greuell & de

Wildt, 1999); emergent ice structures (e.g., Hambrey & Lawson, 2000;

Hudleston, 2015; Jennings & Hambrey, 2021); non-stationary impuri-

ties (including dust and cryoconite: e.g., Gribbon, 1979; Bøggild

et al., 2010; Irvine-Fynn et al., 2011; Nield et al., 2013; Takeuchi

et al., 2018); and incipient surface hydrology and ‘micro-channels’
(Bash & Moorman, 2020; Mantelli et al., 2015; Rippin et al., 2015).

However, synoptic influences further complicate the evolution of

topography: for example, surface morphology can be reduced or elimi-

nated during periods of enhanced turbulent energy fluxes and/or

rainfall-driven conductive and latent heat exchanges (Liu et al., 2020;

Müller & Keeler, 1969; Takeuchi et al., 2018). Such close coupling

between dynamic glacier surface characteristics and hydro-

meteorology offers an explanation for the contrasting reports of spa-

tial and temporal trends in topographic variability, with examples of

systematic evolution (e.g., Guo et al., 2011; Herzfeld et al., 2003; Liu

et al., 2020; Smeets & van den Broeke, 2008) countered by descrip-

tions 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-scales, the temporal

change in bare-ice surface topography is unordered, yet is organized

and predictable at larger (glacier) scales, primarily owing to the pro-

gressive 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 (z0) 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, z0 typically lies at the

millimetre-scale over ablating bare-ice, but can vary over several

orders of magnitude (Brock et al., 2006, and references cited therein).

Because turbulent energy fluxes are proportional to the square of the

natural logarithm of z0, an increase in z0 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 z0 (e.g., Brock et al., 2006; Chambers et al., 2020, 2021;

Fitzpatrick et al., 2019; Guo et al., 2011; Guo et al., 2018; Irvine-Fynn

et al., 2014b; Rees & Arnold, 2006; Smeets et al., 1999; Smeets & van

den Broeke, 2008; Smith et al., 2016), the understanding of how gla-

cier surface topography and z0 varies over space and time, at a range

of scales, remains incomplete (e.g., Liu et al., 2020; Smith et al., 2020).

This is particularly the case for the trajectory of bare-ice as it transi-

tions from superimposed ice with discrete residual snow patches to a

mature surface topography defined by hydrology.

The relative paucity of quantifications of heterogenous, emergent

glacier bare-ice surface roughness presents a persistent research chal-

lenge. Fitzpatrick et al. (2019) concluded that topographic representa-

tions at �1 m horizontal resolution are required to define bare-ice

roughness features, z0, and, by inference, surface processes. Such a

fine-scale lies below the resolution of many satellite-retrieved prod-

ucts 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 z0 roughness value to fit observed ablation or runoff observations

(e.g., Arnold et al., 2006; Fausto et al., 2016; Giesen et al., 2014;

Østby et al., 2017). These simplifications fail to reproduce the turbu-

lent energy fluxes in a realistic manner (Hock, 2005), and prompt the

continued desire for refinement of current parameterizations of z0 in

glacier and ice sheet surface energy balance models (e.g., van den

Broeke et al., 2017).

The spatial and temporal roughness patterns at metre to sub-

metre scales can be informative not only for z0 but of dynamical pro-

cesses, interactions, and feedbacks at the surface (Herzfeld

et al., 2000). However, these insightful length-scales correspond to

those of supraglacial rill and stream widths 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 & Arnold, 2006). Nonetheless, roughness vari-

ability at finer scales is essential to inform the response of, and uncer-

tainties in data retrieved from assorted satellite platforms (Fitzpatrick

et al., 2019; Rees & Arnold, 2006; 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 photogrammet-

ric methods to reveal fine-scale ice surface topographic change is evi-

dent in recent glaciological investigations (e.g., Bash et al., 2018;

Bash & Moorman, 2020; Rippin et al., 2015; Ryan et al., 2015; Rossini

et al., 2018), and exemplified by retrievals of fine-scale bare-ice

topography (e.g., Irvine-Fynn et al., 2014b; Liu et al., 2020; Smith

et al., 2016; Smith et al., 2020). However, there remain relatively few

studies that identify or verify processes defining surface roughness

and seek to improve the parameterization of z0. Here, we contribute

to this research gap by presenting a novel, low-cost framework involv-

ing 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 Green-

land or Antarctica (Martín-Español et al., 2015), and is getting warmer

and wetter (Hanssen-Bauer et al., 2019), with rising seasonal snow-

lines and increased bare glacier ice extents during summer months

(Noël et al., 2020). In this climate-sensitive, glacierized locality, at

Foxfonna (78.1�N, 16.2�E) we generated fine (millimetre)-scale sur-

face 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.
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2.1 | Foxfonna

Foxfonna is a small, high-elevation ice cap complex, which extends

over < 10 km2 to �820 m above sea level (a.s.l.), with two principal

outlet glaciers discharging ice to lower elevations: the increasingly dis-

connected 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

(Christiansen et al., 2005; Liestøl, 1974), with surface elevations rang-

ing 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 northwest towards a large boulder moraine ridge, bifurcating

into two narrow tongues that extend to the north and northwest,

respectively.

During the melt season in 2011, we instrumented the larger,

�1.3 km2 north-western portion of the glacier and monitored a 9 m2

surface observation plot with a time lapse camera array. The summer

melt season at the site is characterized by persistent positive air tem-

peratures 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 sea-

sonal snow remained across much of the Lower Foxfonna glacier sur-

face until mid-July, with the subsequent decay of slush over 3 days

exposing superimposed ice and glacier ice over the lower elevations

from around 21 July (day of year [DOY] 202).

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 temperature (Ta: �0.35�C); wind speed (�0.3 m

s�1) 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 sen-

sor record, a simple 6-h 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-h intervals from �18 km northwest 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., 2014a).

Briefly, the model estimates net short- and long-wave radiation, sensi-

ble 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., 2014a). 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 1a). From DOY 200 to DOY

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�1 at the hourly time-step between 454 and 601 m a.s.l.

F I GU R E 1 (a) Map detailing Lower Foxfonna’s setting and topography, and the locations of the 9 m2 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 and
distances shown for the arbitrary coordinate system employed (photograph credit: Arwyn Edwards) [Color figure can be viewed at

wileyonlinelibrary.com]
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Air temperature at the observation plot was estimated from Ta 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 (α) and aerodynamic roughness (z0) at the obser-

vation 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 12-h 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 dur-

ing 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 transi-

tional 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 acqui-

sition methods described by Irvine-Fynn et al. (2014b) 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 � 3216

pixel JPEG images with a bit depth of 24, using a CCD sensor (6.2 mm

� 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 & Chandler, 2008). Images were

captured automatically every hour over a 4-week period from 27 July

to 22 August (DOYs 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 coor-

dinate system. As there was no stable surface on which to install

GCPs, an arbitrary coordinate system was defined using a taut level

string initially 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

placed every 0.5 m along the string and used as control points

(Figure 1b). This rudimentary approach provided a simple way to tie

our surface models to an 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 2 to 3 days), their influ-

ence 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 analy-

sis 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 later).

Ice ablation during the observation period necessitated adjust-

ment of the time lapse camera array on 1 August and 13 August

(DOYs 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

5 August and 12 August (DOYs 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 photogram-

metric 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., 2014b). Nonetheless, with the source image res-

olution, we estimated that a conservative, vertical sub-centimetre

uncertainty remained (see Irvine-Fynn et al., 2014b; Smith &

Vericat, 2015), which lay below the anticipated daily ablation (Rutter

et al., 2011). The DSMs were resampled to a 5 mm horizontal resolu-

tion across the observation plot.

2.4 | Derivation of glacier surface metrics

To describe the changing morphology of a 1.5 m � 1.5 m (2.25 m2)

common area across the 17 rasterized DSMs that were generated for

the observation plot, using a kernel equivalent to 5 � 5 pixels

(0.025 m resolution or 1 � 10�4 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 stan-

dard soil science roughness metrics were calculated, then averaged

for the plot (after Irvine-Fynn et al., 2014b): the standard error of ele-

vation or effective roughness height (the random roughness: Allmaras

et al., 1966); the absolute sum of slopes (Currence & Lovely, 1970);

and a microrelief index that is based on the maximum angle from the

horizontal between measured elevation points (Romkens &

Wang, 1986). In glaciology, the bulk aerodynamic approach that uses
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topographic profiles and Lettau’s (1969) physical approximation (see

Brock et al., 2006; Munro, 1989) is a commonplace and satisfactory

method (Chambers et al., 2020) to estimate z0. Therefore, we derived

roughness lengths (z0M) from the detrended cross- 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 &

Arnold, 2006).

Removal of larger-scale trends (e.g., overarching plot slope) is cru-

cial 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 signa-

tures for each DSM. From each of these detrended DSMs, we calcu-

lated the bearing area curve, which is the cumulative distribution

function of the detrended elevations, and derived a z-score histogram.

Lastly, following the two-dimensional method detailed in Smith

et al. (2016), we determined two cross-glacier and two down-glacier

estimates for each DSM, which accounts for upwind frontal area to

calculate an alternative aerodynamic roughness length estimate (z0S).

Assuming z0S to be a more robust measure of the bulk aerodynamic

roughness compared to z0M (see Smith et al., 2016), we then used

these mean cross- and down-glacier metrics for each DSM to derive a

surface anisotropy index (Ω: 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., Herzfeld et al., 2000;

Mulla, 1988; Rees & Arnold, 2006). Initially, 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 distrib-

uted across each of the detrended DSMs. For comparison, each of the

semivariograms were normalized to the associated detrended eleva-

tion 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 ImageJ 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 proxi-

mate 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 over Lower Foxfonna (unpublished data), we prescribed a

time-varied aerodynamic roughness length in the model using the

mean plot-scale cross-glacier profile (z0M) at 18:00 each day,

estimating z0 at hourly time-steps over the observation period with a

cubic interpolation. For the time-periods before and after the imaging

periods, z0 was fixed as the mean DSM-derived cross-glacier z0M. We

note that our time-varying estimates of albedo and roughness are not

fully validated, and so while representing ‘best estimates’ they intro-

duce some uncertainty in the melt model outputs.

3 | RESULTS

3.1 | Lower Foxfonna’s hydrometeorology

Figure 2(a–e) summarizes 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 clo-

udy with maximum daily SWin < 400 Wm�2. Ice ablation at the AWS

typically reached 27 mm d�1 (0.025 m w.e. d�1). The observation

period was characterized by two phases separated by a precipitation

event (DOYs 223–224): the first phase becoming increasingly over-

cast over time, with declining air temperature, low wind speed, and

high humidity (DOYs 208–222); the second, with rising irradiance and

air temperature, elevated winds, and comparatively lower humidity

(DOYs 225–234). These two contrasting phases also broadly coin-

cided with the two sets of reconstructed DSMs derived from the plot,

hereafter referred to as observation subperiods (OSP) 1 and

2 (Figure 2g). Both imaging periods began with discrete patches of

residual snow on the glacier surface that took approximately 48 h to

clear and expose bare-ice.

The numerically simulated melt over 12-h periods, corresponding

to the precipitation record interval, was highly correlated to

observed ablation (r = 0.97). Advected energy from rainfall was neg-

ligible, accounting for less than 0.1 mm w.e. d�1, owing to low air

temperature and temporally averaged precipitation intensity. OSP1

was characterized by proportionally high radiative fluxes (Figure 2f),

with only minor contributions from turbulent energy, because

although air temperatures were relatively high (Ta ≈ 5�C), wind

speeds remained low (typically < 2 m s�1). In the latter stages of

OSP1, melt rates declined from DOYs 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 fol-

lowing 5 days (DOYs 228–232) exhibited more balanced contribu-

tions to ablation from radiative and turbulent energy fluxes, with

elevated air temperature (Ta < 5�C) and wind speed (�2.5 m s�1),

which subsequently declined.

3.2 | Fine-scale surface topography and roughness

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 topogra-

phy changed (Figure 3b–d). The seventeen 5 mm horizontal resolution

DSMs revealed the plot was typically characterized 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 d�1; however, recognizing the spatial uncer-

tainties within the DSMs, using a 5 � 5 pixel kernel, the mean relief
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decreased to 0.24 (� 0.055) m with a maximum ablation of 0.092 m

w.e. d�1. Across the common area over the observation period, the

DSMs revealed a mean ablation of 0.028 m w.e. d�1 (Figure 4a,b),

which equalled that reported at the weather station (Section 3.1;

Figure 2e).

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

(Figure 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 inter-

pret (Figure 4i); however, the blue-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 (Figure 4h). For the individual DSMs, correlations between

kernel-based surface descriptors and the associated melt rate were

generally weak (jrj < 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).

The variability in surface topography and roughness (Figures 3

and 4) over the OSPs was better evidenced by the profile-based met-

rics, with directional difference evident between the cross- and

down-glacier directions (Figure 6a–e). The cross-glacier random

roughness and microrelief indices were 17% to 88% greater than their

counterparts oriented down-glacier; for z0M this directional contrast

was greater at 38% to 180%. These relative directional disparities

were most pronounced during OSP2 (from DOY 229). A similar con-

trast was seen in z0S, with down-glacier values being 17% to 30%

greater than the cross-glacier direction. With the exception of the

sum of slopes, temporal decline characterized the cross-glacier

profile-based roughness metrics over the OSP1, which then increased

during OSP2. The ΣS metric lacked clear, systematic variations over

time which suggested that the surface texture remained broadly

F I G UR E 2 Time-series of
hydrometeorological conditions at the
observation plot on lower Foxfonna,
illustrating: (a) incident radiation, SWin;
(b) air temperature at 2 m, Ta; (c) wind
speed; (d) relative humidity (RH) and
precipitation (grey bars); (e) cumulative
ice ablation; (f) modelled surface
energy balance, with bars indicating
total daily energy receipt separated
into radiative (red) and turbulent (blue)
fluxes, with negative values indicative
of periods exhibiting energy lost from
the glacier to the atmosphere; and
(g) schematic chart of image data
acquisition, the two OSPs and notable
meteorological phases [Color figure can
be viewed at wileyonlinelibrary.com]
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similar throughout the OSPs. The detrended DSMs revealed the

observation plot surface was weakly anisotropic, with cross-glacier

roughness z0S consistently greater than equivalent down-glacier

values (�0.13 < Ω < �0.07). A seasonal trend in Ω with a significant

increase over time (r2 = 0.79; P < 0.01; n = 17) showed the surface

became progressively more isotropic (Figure 6f).

Examining the time-series of roughness metrics (Figures 4 and 6),

cross-glacier profile-based metrics were all positively correlated: Spe-

arman’s ρ > 0.77, P < 0.01. 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 < ρ < 0.84;

P < 0.01). Speculating that glacier roughness increases under

radiative-driven melt, and decreases under turbulent fluxes (Müller &

Keeler, 1969), from the melt model output we derived these two

cumulative energy fluxes for 24-h intervals preceding each DSM, and

the associated turbulent: radiative energy flux ratio. Table 1 illustrates

how the profile-derived random roughness, microrelief index and z0M,

and the z0S metrics were all significantly correlated to both the daily

cumulative radiative energy (0.50 < ρ < 0.66; P < 0.05), and the blue-

band brightness (0.60 < ρ < 0.93; P < 0.02). However, only the kernel-

based relative position of topography metric showed significant

association with cumulative turbulent energy and the turbulent: radia-

tive energy ratio (ρ > 0.7; P < 0.01).

Once bare-ice was exposed in OSP1, z0M decreased over time

(r2 = 0.87; P < 0.01), but this was coincident with a decline in the radi-

ative energy over the same timescale (r2 = 0.44; P < 0.05). Con-

versely, over OSP2, z0M 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 z0S were similarly signifi-

cant in both OSPs. During OSP1, the difference between cross- and

down-glacier z0M decreased by 0.05 mm d�1 indicative of a smoothing

of the ice surface; for z0S, this decline was 0.025 mm d�1. In compari-

son, during OSP2 the directional difference rose by only 0.03 mm d�1

for z0S and 0.01 mm d�1 for z0M.

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 excep-

tion to the two outermost curves (DOYs 225 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 con-

firmed that all the detrended DSMs statistically followed a normal dis-

tribution (jzj < 1.15 � 10�11; P < 0.01) although there is a higher

F I GU R E 3 (a) Example three-dimensional visualization of the 2.25 m2 common area at the observation plot for DOY 213 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 morphology and the presence of impurities across the plot. Shaded contour plots for the two-dimensionally detrended DSMs
retrieved for (b) DOY 213, (c) DOY 225, and (d) DOY 233 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 [Color figure can be viewed at wileyonlinelibrary.com]
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probability that a point in the detrended DSM surface lies between

0 and +1 standard deviation of the detrended elevation range, equiv-

alent to approximately 0 to 16 mm above the generalized mean sur-

face 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 generalized surface plane.

The two-dimensional Fourier-transform consistently showed

highest power in the centre of the Fourier domain (Figure 8a–c),

corresponding to low frequency signals and gradual changes in the

glacier surface topography. Critically, the orientation of any domi-

nant periodicity in the topography would produce perpendicular

lines in the Fourier power plots. The absence of any oblique pat-

terns in the Fourier power surfaces (Figure 8), suggested topo-

graphic periodicity in the detrended DSMs was oriented in the

plot’s cross- and down-glacier directions. The relative power of

these two perpendicular signals was diminished for DOYs 225 and

233 (Figure 8b,c), indicative of a reduced topographic variability dur-

ing OSP2.

With regard to spatial autocorrelation in surface topography, the

omnidirectional semivariograms, derived from the detrended DSMs,

showed a contrast between OSP1 and OSP2 (Figure 9a,b). During

OSP1, the semivariograms showed similar form, with a lag distance of

F I G UR E 4 Kernel-based
elevation, roughness and
brightness metrics across the
observation plot’s common area,
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-h 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 �
1 � standard deviation

F I GU R E 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 [Color figure can be viewed at wileyonlinelibrary.com]
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0.43 and 0.49 m to the peak semivariance of 0.00045 (�0.0001) m2.

For OSP2, the peak semivariance was reduced, at 0.00015

(�5.5 � 10�5) m2, 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 & Arnold, 2006; Ryan

et al., 2017b).

With roughness metrics (Figure 6) and the two-dimensional Fou-

rier power spectrum (Figure 8) confirming the topographic signals

aligned with the cross- and down-glacier geometry, the directional

semivariograms cross- and down-plot revealed a ‘hole effect’ semi-

variogram model (Journel & Huijbregts, 1978; Pyrcz &

Deutsch, 2003). During OSP1, the cross-glacier empirical semi-

variograms 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, 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 semi-

variance at ranges > 0.6 m, while others (snow-affected DOYs 225–

227) displayed semivariance peaks at lag distances of �0.4 m

(Figure 9f).

F I GU R E 6 Profile-derived and two-dimensional roughness metrics, and their variation over time. (a) Random roughness, RR; (b) absolute sum
of slopes, ΣS; (c) microrelief index, MI; (d) profile-based bulk aerodynamic roughness estimate, z0M; (e) two-dimensional aerodynamic roughness

estimate, z0S; and (f) anisotropic index, Ω, derived from cross- and down-glacier z0S. Error bars are given as � 1 � standard deviation [Color figure
can be viewed at wileyonlinelibrary.com]

T AB L E 1 Correlation matrix for daily energy flux proxies and mean observation plot roughness measures. Correlations are reported with the
Spearman’s ρ-value, and those which are significant at the 95% confidence level are italicized and shaded. Cumulative incident radiation and
turbulent energy, and the turbulent-to-radiative energy flux ratio for the 24-h periods between each digital surface model (DSM) are denoted
ΣRad24, ΣTurb24 and [T:R]24, respectively. Brightness was extracted from both the red-green-blue (RGB) and blue-band orthomosaics of the
observation plot

Variable ΣRad24 ΣTurb24 [T:R]24 Brightness (RGB) Brightness (blue)

ΣTurb24 0.19

[T:R]24 0.60 0.59

Brightness (RGB) 0.09 �0.04 0.06

Brightness (blue) 0.65 0.01 0.17 0.03

Relative position of topography 0.42 0.72 0.71 0.02 0.05

Standard deviation of elevation �0.31 �0.06 �0.10 0.45 �0.49

Riley’s topographic ruggedness 0.31 �0.36 �0.26 �0.17 0.70

Random roughness 0.61 �0.17 0.08 �0.11 0.85

Sum of slopes 0.38 0.00 �0.02 �0.07 0.60

Microrelief index 0.66 �0.07 0.10 0.02 0.92

z0M 0.60 �0.18 0.07 0.08 0.90

z0S 0.50 �0.17 �0.11 �0.01 0.88

Anisotropy, Ω �0.39 0.44 0.19 0.18 �0.72
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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 supra-

glacial 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.

4.1 | Hydrometeorology, ablation and roughness

We observed daily bare-ice microtopography over 2 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 abla-

tion rates of 25 mm w.e. d�1. 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

F I GU R E 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 [Color figure can be viewed at
wileyonlinelibrary.com]

F I GU R E 8 Plots of the two-dimensional Fourier-transform of the detrended DSMs retrieved on (a) DOY 213, (b) DOY 225, and (c) DOY
233, highlighting the absence of any topographic signal oblique to the cross- and down-glacier directions [Color figure can be viewed at
wileyonlinelibrary.com]
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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; Østby

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 two-dimensional assessments reveal. Exami-

nation of metrics derived from 1 � 1 to 9 � 9 pixel kernels empha-

sized 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 ker-

nels 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 ana-

lyses 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 & Arnold, 2006) and

traditionally employed roughness metrics, multi-scale approaches

should be explored (e.g., Lindsay et al., 2015, 2019), specifically to dis-

cern 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 (Bash & Moorman, 2020; Mantelli et al., 2015) or impurities

(Chandler et al., 2015; Irvine-Fynn et al., 2011; 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 indi-

cations of the apparent influence of discrete impurities on surface

roughness. The blue-band brightness typically offers strong discrimi-

nation between impurities and ice (see Irvine-Fynn et al., 2010).

Across the plot, the profile-based roughness metrics, and daily radia-

tive energy receipt and blue-band brightness changed concurrently:

such an association can be explained by the melting in or emergence

of impurities (Bøggild et al., 2010; Gribbon, 1979; Takeuchi

et al., 2018) and their visibility from the oblique imaging geometry,

F I GU R E 9 Variance-normalized 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 [Color figure can be viewed at wileyonlinelibrary.com]
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and the presence of meltwater. This process is supported by the vari-

ability 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., Rippin et al., 2015; Telling et al., 2012). Because bright-

ness was not normalized across the orthomosaic time-series, nor

corrected for local shadowing (e.g., Leidman et al., 2021), a more

robust image calibration (e.g., Ryan et al., 2017a, 2017b; Tedstone

et al., 2020) 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 z0 < 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; Fitzpatrick

et al., 2019; Guo et al., 2011; Irvine-Fynn et al., 2014b; Liu

et al., 2020; Smith et al., 2016). The profile-derived and two-

dimensional roughness metrics demonstrated evolution during both

OSPs, with rates of change in z0 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

DOY 209, z0 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

remains unclear if our observations reveal the bare-ice’s seasonal

‘peak roughness’ (stage 5: Smith et al., 2020).

On glaciers across Svalbard, superimposed ice commonly forms

early in the melt season, and is subsequently exposed and degraded

as ablation progresses (Wadham & Nuttall, 2002). On Lower

Foxfonna, in 2011, immediately prior to the demise of the snowpack

in late July (DOY 202: 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 sup-

erimposed 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 differen-

tial ablation arising from impurity or ice-structural albedo-feedbacks.

The elevated estimated plot albedo (�0.62: see Section 2.4) when

compared to more typical values of �0.4 for glacier ice (Cuffey &

Paterson, 2010), offered further evidence of a superimposed ice dom-

inated 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 sup-

erimposed 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 z0 were best illus-

trated with subsequent melt model runs, that compared the dynamic

albedo and z0M roughness parameterization to scenarios with z0 set as

a constant: using the minimum recorded cross-glacier z0M and z0S,

throughout the observation period, melt due to turbulent energy at an

hourly timescale 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 cyclic-

ity or structure in the topography at the plot-scale (Pyrcz &

Deutsch, 2003). Here, the interpretation of the cyclical signature in

the cross-glacier semivariogram, and supressed down-glacier semi-

variogram, is that throughout OSP1, the glacier surface was character-

ized 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 appar-

ent ridges aligned with the surface slope and structure may also con-

trol (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.

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 & Deutsch, 2003). Here, the

semivariograms were interpreted to indicate the surface topography

evolved from structurally-controlled ridges in OSP1 to upstanding

islands 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 com-

prised a higher proportion of the total melt energy during this phase,

ablation was less governed by albedo and likely more spatially uni-

form, 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 (Bash &

Moorman, 2020; Mantelli et al., 2015; Rippin et al., 2015). 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 (re-)establish a slope- or structure-defined drainage net-

work thereby increasing surface roughness.
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The evolutionary sequence we illustrate above (Figure 3b–d)

accords with the typical hydrological activation of an ablating glacier

surface (Hambrey, 1977): sheetwash occurs on newly exposed ice

with a proportion refreezing, and as melting proceeds, the meltwater

flow initiates rills. As meltwater fluxes rise, this incipient drainage net-

work 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 relatively low rate of ablation reduces the

hydrologically-driven amplification of roughness generated through

the establishment of a drainage network. This diminished develop-

ment of surface topography is exacerbated by several intertwined fac-

tors: 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 forma-

tion 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

z0 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 topog-

raphy aligned with structure and/or peak melt season hydrology; and

secondly, topography generated by supraglacial rills that braid or anas-

tomose. We hypothesize 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 hypothesized by Müller and 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 suppress 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., Wilson &

Gallant, 2000) at fine-resolution are ineffective in providing insight

into bare-ice topographic variability, in part owing to the compara-

tively smooth nature of ablating glacier ice in the absence of lager

scale roughness features (e.g., Cathles et al., 2011; 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 emergence of impurities, respectively, increasing and

decreasing albedo (e.g., Bøggild et al., 2010). Lower albedo impurities

may also include meltwater, or the water column that exists within

features such as cryoconite holes (e.g., Cook et al., 2016;

Gribbon, 1979; 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 z0 esti-

mates, may require consideration of refraction through-water. Given

the scale of features such as cryoconite holes and rills, such adjust-

ments are most likely to have a small effect (Woodget et al., 2015).

However, 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 including cryoconite holes, spatial or temporal varia-

tions 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 z0.

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 z0 following the

elimination of seasonal snow, while subsequent melt promotes a

F I GU R E 1 0 Images of the observation plot on (a) 31 July 31, DOY 212, and (b) 21 August, DOY 233 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 [Color figure can be viewed at wileyonlinelibrary.com]
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subtle increase in roughness. The analysis of semivariograms revealed

the superimposed ice phase exhibits topography defined by anteced-

ent, slope- and/or structure-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 characterized by the formation

of braided rills and their development towards a parallel drainage net-

work. 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 topogra-

phy critical to the frontal area exposed to the prevailing wind, transi-

tions between aligned and braided forms influence the true

aerodynamic roughness lengths, z0, and emphasize the need to

employ z0S (Smith et al., 2016) to describe the surface characteristic.

However, because 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 rough-

ness, 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 z0. Variation in ablation regime and meltwater fluxes

impacting on z0 can explain the contrasting, unsystematic or indiscrim-

inate trajectories of roughness either over time particularly at the

plot-scale (e.g., Brock et al., 2006; Guo et al., 2018; Liu et al., 2020;

Smith et al., 2020). Under melt regimes with relatively heightened tur-

bulent energy fluxes, the maintenance of braided rills and micro-

channels may supress z0. 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 z0, 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., Bash et al., 2018; Bash & Moorman, 2020; Rippin

et al., 2015; Ryan et al., 2015, Ryan et al., 2017a) 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 bal-

ance 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 projec-

tions of future glacier mass balance and seasonal runoff patterns in

the Arctic and elsewhere, where snowlines are forecast to rise

(e.g., Huss & Hock, 2015; Noël et al., 2019, 2020; Ryan et al., 2019;

Žebre 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 gla-

cier 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 them-

selves are modulated by the ice surface topography and its aerody-

namic 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 geo-

morphological 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 two-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 dem-

onstrate 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 characterized by braiding rills, which highlights the impor-

tance of supraglacial hydrology in modulating surface roughness. With

forecasts of rising air temperatures, cloudiness and rainfall in Arctic lat-

itudes, augmented turbulent energy fluxes may result in the increased

prevalence of rill-dominated hydrology. Consequently, to better con-

strain seasonal and sub-seasonal trajectories of glacier topography to

employ within numerical mass balance models, we suggest our analyti-

cal approach provides a framework for future studies using fine-scale

DSMs. 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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