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Abstract:
The spatial distribution of supraglacial lakes has been hypothesized to be dominantly controlled by the component of surface
roughness influenced by basal topography. Basal topography and surface roughness profiles within the Jakobshavn Isbrae
drainage basin in western Greenland, acquired from an ice-penetrating radar echo sounder, were analysed through fourier and
wavelet decompositions. Spectral analyses of basal-to-surface transfer under a range of ice thickness were compared with
spatial distribution of lakes mapped from high-resolution Landsat imagery. Fourier analysis identifies dominant signals in
both the basal and surface profiles to be ranging between wavelengths of 1Ð25–12Ð5 km. The strongest peaks of transfer of
basal signals to the surface were identified at wavelengths ¾11 ¾5 km. Wavelet analysis identifies these peaks with thicker
(1200–1400 m) and thinner (500–700 m) ice respectively and also identifies surface frequencies not present in the basal signal
indicating some influence from other factors. Spatial autocorrelation analysis of supraglacial lake distribution indentifies high
correlations at 1Ð9, 5Ð6, 11, 24, and 30 km lags. Lags at 5Ð6 and 11 km correspond to dominant frequencies present in the
basal and surface profiles over thinner and thicker ice respectively. These ¾5 and ¾11 km frequency components present in
the basal topography, surface roughness, and lake distribution are within the theoretical transfer window of basal-to-surface
transfer as a function of ice thickness. The transect analysed in this study does not contain wavelengths in the surface structure
that are less than the ice thickness, even though there are relatively higher frequencies present in the surface profile between
0 and 15 km that have less power in the basal profile. Copyright  2011 John Wiley & Sons, Ltd.
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INTRODUCTION
The changing mass of the Greenland (GIS) and Antarctic ice sheets represents the largest unknown on predictions of global sea-level rise over the coming decades
(Dowdeswell, 2006; IPCC, 2007). Recent estimates from
GRACE (Gravity Recovery and Climate Experiment)
indicate that GIS mass loss has accelerated from 137
Gt/yr measured over 2002–2003, to 286 Gt/yr measured over 2007–2009 (Velicogna, 2009). The GIS contribution to sea level more than doubled in the past
decade, increasing from 0Ð23 š 0Ð08 mm/yr in 1996,
to 0Ð57 š 0Ð10 mm/yr in 2005. Approximately half this
mass loss is due to changes in the dynamics of a few
large outlet glaciers (Rignot and Kanagaratnam, 2006;
Stearns and Hamilton, 2007; Joughin et al., 2008; Van
den Broeke et al., 2009). Jakobshavn Isbræ has perhaps undergone the most severe acceleration and thinning over the past decade (Joughin et al., 2004; Thomas
et al., 2009). While the thinning and retreat of the ice
tongue and the corresponding back force reduction is
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the dominant driving force of these changes (Luckman et al., 2006; Howat et al., 2008; Joughin et al.,
2008; Thomas et al., 2009; Joughin et al., 2010), basal
lubrication due to infiltration of surface meltwater is
known to be a secondary but important factor. Coincident with the changes in flow dynamics on Jakobshavn
is an increase in surface melt along the margins of GIS,
resulting in enhanced meltwater infiltration to the ice
sheet bed (Zwally et al., 2002). Meltwater infiltration to
the base of the ice sheet is believed to have a significant impact on ice sheet flow behaviour (Zwally et al.,
2002; Parizek and Alley, 2004; Shepard et al., 2009;
Bartholomew et al., 2010). Meltwater runoff collects in
surface depressions, forming numerous lakes that span
several square kilometers and drain rapidly through a
network of englacial channels (Weertman, 1973; Van
der Veen, 1998; and Alley et al., 2005b). Recent studies have explained the transport of surface meltwater
to the bed from lakes through the hydrofracture mechanism (Thomsen et al., 1988; Boon and Sharp, 2003;
Alley et al., 2005a; Fountain et al., 2005; van der Veen,
2007; Das et al., 2008). Supraglacial lakes are a key
component of the subglacial hydrologic system, therefore, improving our understanding of this system will
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improve our ability to predict changes in ice sheet mass
balance and contribution to sea level in response to future
warming.

zone near Jakobshavn Isbrae. This work will provide
initial insights into relationships between basal topography and those surface roughness components responsible for influencing the spatial distribution of supraglacial
lakes.

BACKGROUND
The ablation zone of the Greenland ice sheet is characterized by the presence of supraglacial lakes that form
during the summer melt season. Lakes can span up
to several square kilometers, with an increase in maximum extent from ¾1450 m in 1991 to ¾1600 m in
2007 (Echelmeyer et al., 1991; Luthje et al., 2006; Box
and Ski, 2007; McMillan et al., 2007; Sundal et al.,
2009). Several studies have speculated that the primary
control of supraglacial lake distribution is the bedrock
topography (Box and Ski, 2007; Das et al, 2008) given
larger lakes tend to occur in the same location from
season to season (Thomsen et al., 1988; Echelmeyer
et al., 1991; Jezek et al., 1993). There is a need to better understand the relationship between surface (S) and
basal (B) topographic roughness spectra. There have been
several investigations examining basal-to-surface roughness transfer functions (Nye, 1959; Budd, 1970; Hutter
et al., 1981; Whillans and Johnsen, 1983; Gudmudsson,
2003), mathematically expressed as S() D T()B(),
where transfer of basal spectral components (B) to surface spectral components (S) are controlled by the transfer function (T) (Budd, 1968, 1969). The functional form
of T() can be strongly dependent on ice thickness (h).
Budd and Carter (1971) established transfer functions
with peak basal-to-surface transfer occurring at  ³ 3h.
Gudmundsson (2003) expands constraints on optimal
transfer to 3h < B <8h and explains that this range
is a function of the regional surface slope and the relative influence of the mean rate of sliding at the base
to the rate of internal deformation (basal slip ratio)
integrated over h by influencing the horizontal transmission of stress gradients. At small to moderate slip
ratios, the impact of local basal perturbations are limited,
but at relatively larger slip ratios basal-to-surface amplitude increase (Gudmundsson, 2003). Therefore, basal
roughness components corresponding to wavelengths
between three and eight times the ice thickness are
allowed to transfer to the surface topographic structure,
whereas wavelengths outside this window are attenuated
(Figure 2).
The transfer of basal roughness into ice sheet surface
morphology has been theoretically established, but how
basal structure influences the distribution of supraglacial
lakes is still unresolved. Understanding the controls
on supraglacial lake distribution and the mechanisms
that facilitate the transport of surface melt and infiltration can provide critical insights into the evolution of GIS ablation zone. This study presents preliminary results from a comparison of the frequency
decomposition of retrieved surface and basal topography and their relationship to supraglacial lake distributions over a limited transect spanning the ablation
Copyright  2011 John Wiley & Sons, Ltd.

STUDY AREA
This study examines how basal topographic variability transfers into surface roughness and the impact on
the distribution of supraglacial lakes within the Jakobshavn Isbræ drainage basin region of Western Greenland
(Figure 1). Jakobshavn is a large outlet glacier that drains
¾7% of the Greenland ice sheet (Echelmeyer et al.,
1991; Luckman and Murray, 2005). The highly dynamic
Jakobshavn outlet glacier has experienced a rapid retreat
over the last 15 years, coincident with rapid acceleration
(Joughin et al., 2004). Additionally, the ablation zone
within the Jakobshavn drainage basin is dominated by
supraglacial lakes that fill and drain as the melt season evolves. The analysis in this investigation will focus
on a 65 km transect, approximately 40 km south of the
main trunk of Jakobshavn ice Stream, over ice thicknesses ranging from ¾200 m to ¾1400 m. The transect
of interest spans a range in elevation from approximately
500–1300 m oriented parallel to the dominant ice flow
direction and approximately parallel to the mass balance
gradient. Ice in this immediate area exhibited a mean
velocity of ¾200 ma1 in 2006, marking a slight deceleration since 2000 (Joughin et al., 2010).

DATA
This study uses surface elevation data derived from a
digital elevation model (DEM), basal topography from
the combination of airborne laser altimeter and ice
penetrating radar, and a regional inventory of supraglacial
lakes delineated from visible satellite imagery during the
2007 ablation season. Additionally, surface velocity grids
derived from synthetic aperture radar (SAR) are used in
this analysis.
Surface and basal elevation data
Surface elevations (Figure 3c) were extracted from a
DEM constructed from visible stereo images acquired
by the High Resolution Stereoscopy (HRS) sensor
onboard the SPOT-5 satellite. The SPOT DEM has
a 40 m horizontal spatial resolution and is referenced
to the World Geodetic System (WGS) 1984 datum
(http://polardali.spotimage.fr:8092/IPY/dalisearch.aspx).
Basal topography (Hb ) (Figure 3d) was estimated
based on measured surface elevation and ice thickness
given by the following:
Hb D Hs  h

1

where Hs is surface elevation and h is ice thickness.
Ice thickness data were acquired from the Center for
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Figure 1. Study region: a) The study region boundaries are highlighted in the regional map depicting the relative location of Jakobshavn drainage
basin located in western Greenland with delineated drainage basins (Hardy et al., 2000). b) The graph depicts the study region which is a large
proportion of the ablation zone within the Jakobshavn drainage basin. The transect under analysis (BA to BA’) is oriented longitudinally (parallel
to the dominant ice flow direction) and is 65 km long, approximately 40 km south of the main trunk of Jakobshavn Isbrae. Elevation contours
(200 m intervals) are superimposed over a 2007 grey-scale panchromatic Landsat-7 EMTC image. c) This localized map of the transect displays
the distribution of supraglacial lakes in this area. The map also identifies lakes selected for analysis along transect BA and shows distribution across
elevation. d) A zoomed-in example of supraglacial lakes near thetransect of analysis from the Landsat imagery

Remote Sensing of Ice Sheets (CReSIS) Multichannel
Coherent Radar Depth Sounder (MCoRDS) (Plummer
et al., 2008; https://www.cresis.ku.edu/data/greenland).
The MCoRDS instrument is aircraft mounted and produces a pulse of electromagnetic frequency at 140 MHz
and measures the time of return of the signal off both
the ice surface and bedrock below the ice. The difference in travel time is converted into distances and allows
for a calculation of ice thickness. Subtracting the ice
thickness from the surface topography produces a basal
topographic profile that is referenced to the WGS84. This
CReSIS data is collected along transects, spatially sampled at 15 m intervals.
Supraglacial lake inventory
Supraglacial lakes (Figure 1c) were delineated from
high-resolution, cloud-free, Landsat-7, Enhanced Thematic Mapper Plus (ETMC) imagery. Lake boundaries
were visually digitized using Panchromatic Band-8, at a
nominal spatial resolution of 15 m, based on the relative contrast between the dark, water-filled lakes and the
surrounding ice, which has relatively higher reflectance.
A clear and consistent set of guidelines were employed
Copyright  2011 John Wiley & Sons, Ltd.

in order to ensure consistency and quality in selecting
lake features for manually mapping lakes from Landsat
ETMC imagery. First, only lake features large enough
to reasonably discern lake boundaries were captured.
Smaller lake features close to either the nominal spatial resolution or less than the average width of missing
rows were not captured. Lakes that were either completely or significantly eclipsed by missing scan lines
were not mapped resulting in a minimum lake size of
¾7000 m2 captured by this method. Additionally, rectilinear features, indicative of a stream or stream like
structures were not mapped. Lake mapping was executed
through protocols that involved two independent analysts
for quality control. A total of 1180 (filled) lakes were
mapped from three Landsat-7 scenes acquired on 6 June,
22 June, and 9 August 2007 (Lampkin, forthcoming).
Surface velocity data
Surface velocity estimates were derived from the
RADARSAT satellite platform. SAR interferometric pairs
were used to estimate velocities for 2000, 2004, 2005,
and 2006 over the Jakobshavn outlet basin (Farness and
Jezek, 2008). Velocity grids for the 2006 season were
Hydrol. Process. 25, 3347– 3355 (2011)
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Figure 2. Schematic of basal to surface transfer as a function of ice thickness, where (h) is ice thickness and () indicates surface and basal wavelength
(not drawn to scale). Basal wavelength () components between three and eight times the ice thickness (h) are most readily transferred through the
ice whereas wavelengths longer and shorter than this 3–8ð window are strongly attenuated

Figure 3. a) Histogram showing elevation distribution of analysed lakes: b) Longitudinal profile of lake locations mapped laterally onto the transect
from BA to BA’ and analysed using the spatial autocorrelation to determine periodicity of the lake distribution. c) Surface topographic profile along
the transect. 3d) Basal topographic profile along the transect. This figure shows the spatial distribution of lakes as they relate to basal and surface
topography

used for this analysis and acquired from the CReSIS data
archive
(https://www.cresis.ku.edu/data/satellite-measurements). Velocity grids for the 2007 season were not
available due to poor coherence between interferometric
pairs, resulting in poor velocity retrievals.
The transect of focus in this study was selected based
on three criteria: orientation, proximity to lakes, and
proximity to the Jakobshavn ice stream. The transect
Copyright  2011 John Wiley & Sons, Ltd.

was selected based on its orientation being parallel to ice
flow, to avoid the influence of spatial anisotropy in the
surface topography (Gudmundsson, 2003; Smith et al.,
2006). This transect was also located near numerous
lakes, ensuring an adequate sample size for analysis. And
finally, this transect was located far from the margins
of the Jakobshavn ice stream channel to avoid impact
of strong velocity gradients, which can complicate the
Hydrol. Process. 25, 3347– 3355 (2011)
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transfer of basal roughness to the surface topographic
structure. Additionally, the margins of the ice stream tend
to be devoid of supraglacial lakes.

METHODS
This study uses several methods to characterize the frequency structure in basal and surface topography and
their relationship to supraglacial lake distribution along a
65 km long transect located south of the Jakobshavn ice
stream (Table I). Fourier transform was applied to both
surface and basal elevation profiles to calculate the power
spectra. Fourier transform removes all spatial information; therefore wavelet decomposition was also applied
to delineate the spatial distribution of the power spectra.
An autocorrelation analysis was used to evaluate periodicity in the occurrence of supraglacial lakes near the study
transect. Lastly, an assessment of the relative impact of
basal sliding to that of internal deformation, along the
transect, on basal-to-surface roughness transfer will be
explored. An estimate of depth-averaged velocity due to
internal deformation will be calculated and compared to
measured surface velocity derived from SAR to determine where basal sliding dominates ice flow.
Fourier and wavelet decomposition, and basal and
surface topography
Basal and surface profiles were examined using spectral analysis through the application of Fourier decomposition. The Fourier transform and characteristic spectra
for the basal topographic profile were compared to surface spectra along the transect in order to quantify frequencies that propagate through the ice and those that
have been filtered. In this analysis, the Discrete Fourier
Transform (DFT) was applied to surface and basal profiles, given by
Xk D

N


xje2ij1k1/N , j D 1, 2, . . . N

2

basal elevation data to derive a wavelet power spectrum.
Wavelet analysis indentifies the distribution of power
across a range of frequencies (wavelengths) at discrete
intervals along the length of the profile. A continuous
wavelet transform (cwt) was applied to discrete sequence
(x ), or detrended basal and surface elevation profiles,
where x is convolved with a scaling function (s) and
translated () Morlet wavelet function ( ) (Daubechies,
1990, 1992; Trauth, 2010), given by:
W s D

Table I. Summary of spectra analysis of the relationships among
supraglacial lake distribution, surface topography, and basal
topography by various methods along the BA to BA’ transect
Data
Supraglacial akes
Surface topography
Basal topography

Method
Autocorrelation
Fourier
Wavelet
Fourier
Wavelet

Copyright  2011 John Wiley & Sons, Ltd.

Dominant frequencies
11 km
10 km
10–11 km
10 km
10–11 km

5Ð6 km
¾5 km
¾5 km
¾5 km
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0  υd
ð
s



3

for equal spatial increments υd along the profiles, where
(Ł indicate the complex conjugate),
o 

D 1/4 eiωo e2/2

4

describing a Morlet wavelet that is a plane wave modulated by a Gaussian of non-dimensional frequency (ωo ).
Scaling parameters were set (75 < s < 4400) to high
values based on the number of points present in the
dataset, resulting in highly stretched wavelets, resolving
low-frequency components which tend to dominate the
frequency spectra of both surface and basal profiles.
Comparison of basal and surface wavelet power spectra
will indicate the distribution of frequencies transferred
into the ice sheet surface structure as a function of ice
thickness along the profile of interest.
This study quantifies the spatial periodicity of supraglacial lakes within the vicinity of the basal/surface
topographic profile through estimating the autocorrelation
or correlogram of lake features along the length of the
transect, where the autocorrelation coefficient (rw ) is
estimated at discrete lags w (Box et al., 1994), given by
rw D cw /co

5

where cw is the autocovariance and co variance functions,

jD1

where detrended,
profiles x(j) of N elements were input
p
for i D 1. The Fourier decomposition can be informative, because it provides high resolution information
about the distribution of spectral components within
the surface and basal signals. Unfortunately, there is a
loss of localized spatial information. Given this limitation, wavelet decomposition was applied to surface and

N1


Cw D 1/N

Nk


Xt  µXtCw  µ, w D 1, 2, . . . K

tD1

6
and
co D 1/N

N


Xt  µ2

7

tD1

for Xt and the next sample XtCw for a total of K samples
along the profile, where µ is the mean basal and surface
elevations along the transect. A radius of 3 km was used
to buffer the profile from which lakes were sampled from
the supraglacial lake inventory constructed during the
2007 melt season. A 3 km radius was selected because
it was sufficiently large to provide a reasonable sample
of lakes, and assumed to be at a distance where the
basal topography along the transect would still influence
the transverse surface topography. A sample of 38 lake
features were extracted from within the 3 km buffer
Hydrol. Process. 25, 3347– 3355 (2011)
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Figure 4. (Top) Basal and surface topography profiles; (bottom) Fourier analysis of basal and surface topographies, where (y) axis is spectra power and
(x) axis is frequency (cycles/transect) or Period (meters/cycle). Both basal and surface profiles exhibit dominant signals at frequencies corresponding
to features of 10 km in length. Basal topography shows a broad secondary peak ranging between 4Ð5 and 6Ð5 km

(Figures 1c and 3b). This sample represents a subset of
lakes derived from the entire Landsat lake archive, which
included 1180 mapped lakes. The 38 lakes represent filled
lakes mapped from Landsat scenes acquired on 6 June,
22 June, and 9 August 2007. The location of each of
the 38 lake features were horizontally mapped onto the
basal/surface transect. The mapping of lake locations to
the transect in this manner allows for direct comparison
of lake locations to roughness components in the basal
and surface topography as well as ice thickness along the
study transect.
Estimation of depth-averaged velocity
The total velocity at the surface of a glacier is due to
internal deformation and basal sliding, expressed as
u D ud C ub

8

Surface velocity can be prescribed from retrieved SAR
data, such that u D uSAR , and the deformation component
is commonly derived assuming laminar flow conditions,
where the shear strain rate and shear stress are related
through Glen’s Flow Law (Glen, 1955), given by
εP XZ D A

n

xz

9

where A is the temperature-dependent flow law parameter, n is an empirically determined constant, and xz is
Copyright  2011 John Wiley & Sons, Ltd.

the shear stress at depth, expressed as

xz

D gh  z sin

10

is the density of ice, g is acceleration due to gravity
and is the surface gradient in the x-direction (Patterson,
1994). Integrating with respect to z, for n D 3, depthaverage velocity (ud ) is given by (Van der Veen, 1999)

ud D

2
 g 3 h
nC2

11

where ud D ud . Estimates of ud are derived assuming ice
deforms by horizontal shearing along planes parallel to
the ice surface, and that all other forces in the force
balance but shear stress are zero. These assumptions
indicate that horizontal gradients in surface and bedrock
topography are much smaller than vertical gradients
(Hutter, 1983). CReSIS-derived ice thickness, and surface
slopes derived from the SPOT DEM were input to
Equation (11). The difference (UŁ ) between uSAR and ud
was calculated to quantify the relative influence of basal
sliding along the transect.
Hydrol. Process. 25, 3347– 3355 (2011)
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Spatial autocorrelation of lakes
Spatial autocorrelation of the supraglacial lake distribution produces five peaks of correlation of; 1Ð9, 5Ð6,
11, 24, and 31 km (Figure 6), of which 5Ð6 and 11 km
correspond with frequencies identified in the basal and
surface profiles. This indicates that lake distribution is
not random and that it is responsive to several frequency
components present in the basal topography.
Influence of basal sliding

Figure 5. Wavelet analysis of basal (bottom) and surface (top) topography
along transect plotted with ice thickness (middle) from BA (left) to BA’
(right). Grey-scale represents strength of in power at specific locations.
Both basal and surface wavelets exhibit significant power at 10–11 km
(black solid line box) wavelengths over thicker ice and ¾5 km (black
dashed line box) over thinner ice. Shift in high power regions in both the
surface and basal spectra may be related to upstream surface compression
relative to a downstream region where the basal topography is rough and
ice velocities are slower

RESULTS
Spectral analysis of basal and surface topography
Fourier power spectra (Figure 4) demonstrates two
dominant frequencies in the basal topography corresponding to undulations at  ³ 10 km and  ³ 4Ð5 <
 < 6Ð5 km. The basal topography also contains some
strength at very low frequencies. Fourier decomposition
of the surface topography identifies an identical peak at
 D 10 km. Additionally, basal topography tends to have
greater power in higher frequency components than surface topography.
Wavelet analysis (Figure 5) of the basal topography
also identifies a strong peak between 10 <  < 11 km,
as well as a broad secondary peak around 5 km. Wavelet
decomposition of the surface identifies the same peaks in
power between 10 and 11 km, and again, a broad secondary peak around 5 km . Also important is the distribution of power across varying wavelengths (frequencies)
along the transect. Wavelengths within the 10–11-km
range tend to dominate surface structure over thicker ice,
whereas undulations near 5 km are more dominant over
thinner ice. Both the Fourier and the Wavelet analyses
consistently indicate wavelength components in both the
basal and surface topographies around 5 and 10–11 km.
Copyright  2011 John Wiley & Sons, Ltd.

Application of Equations (8) and (11) to the study transect indicate relatively stronger control on ice speeds
due to internal deformation over basal sliding between
¾30–45 km upstream (Figure 7). The highest values in
UŁ , measured in percent difference, indicate substantial departure from internal deformation dominated flow
along the lower limb of the transect (along the first
20 km) and at limited sections along the highest elevations of the transect (¾ between 50 and 60 km). These
regions along the transect have flow that is dominated
by basal sliding and correspond to locations where lakes
are present. The region along the transect where internal
deformation is dominant, corresponds to a region that
has fewer lakes that are also less clustered (>45 km and
<30 km) (Figure 3b). This result seems to suggest that
the presence of lakes is correlated with regions dominated
by basal sliding over internal deformation.

DISCUSSION AND CONCLUSIONS
Results suggest lake distribution is responsive to two
dominant basal frequencies dependent upon ice thickness. Over thicker ice (1200–1400 m) the 10–11 km
frequency component dominates and influences lake distribution. The 10–11 km frequency component is very
near 8 times longer than the 1200–1400 m ice thickness which shows that lakes distribution is responsive to
frequencies at the high end of Gudmundsson’s (2003)
transfer window of 3–8 times ice thickness (1250 m
ð 8 D 10 km/1400 m ð 8 D 11 km). Over thinner ice
(500–700 m), lake distribution exhibits the strongest

Figure 6. Spatial autocorrelation of supraglacial lakes. Peaks indicate
highest level of spatial periodicity along the transect. Strongest peaks are
noted with corresponding wavelengths. Wavelengths of 5Ð6 and 11 km
(bold arrows) are also found in the Fourier and Wavelet analysis of basal
topography
Hydrol. Process. 25, 3347– 3355 (2011)
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Figure 7. Relative impact of basal sliding (ub ) to internal deformation
(ud ) on ice sheet velocity along the study transect through calculation
of UŁ (percent difference) between measured surface velocity (u) and an
estimate of ud based on the depth-average velocity. High values in UŁ
indicate the relative importance of basal sliding to surface velocity over
internal deformation

periodicity of 5Ð6 km, which is very near 8 times the ice
thickness (625 m ð 8 D 5 km). These results experimentally support Gudmundsson’s (2003) window of transfer as a function of ice thickness. Generally, it has
been established that basal topography tends to have
greater power in higher frequency components than surface topography. The lack of these higher-frequency basal
components at the surface has been attributed to attenuation due to internal deformation (Whillans and Johnsen,
1983). Results indicate that basal sliding dominates the
lower elevation section of the study transect, corresponding to surface undulations with the highest power near
the 5Ð6 km frequency. There are surface undulations at
lower elevations with significant power near the 1Ð9 km
frequency that is less prevalent in the basal topography
and may not be directly attributed to basal influence.
Frequencies in lake distributions that are either less
than or greater than theoretical limits established by Gudmundsson (2003) may indicate other processes. Lake distribution generally correlates with depressions in bedrock
topography, with some variation which may be explained
by exogenic processes. The transfer of basal undulation
to the surface is regulated by not only ice thickness but
drag variation at the bed in addition to the vertical distribution of ice viscosity Gudmundsson (2003). Surface
undulations at wavelengths that are less than the ice thickness can be influenced by surface–atmosphere processes
such as accumulation, ablation, and redistribution (Smith,
2005). The transect analysed in this study does not contain wavelengths in the surface structure that are less than
the ice thickness, even though there are relatively higher
frequencies present in the surface profile between 0 and
15 km that have less power in the basal profile (present in
the wavelet power spectrum). There is relatively stronger
Copyright  2011 John Wiley & Sons, Ltd.

power in the lower elevation section of the surface transect ( ³ 2 km) than the basal transect, where ice thickness varies between 400 and 500 m. The presence of
high-frequency components in this part of the transect
might be indicative of amplified short wavelength transfer
due to enhanced basal sliding. This has been theoretically proposed, where the slip ratio demonstrates reduced
drag at the bed (more sliding) than the impact of internal deformation (Gudmundsson, 2003). Basal-to-surface
frequency transfers modulated by bedrock/ice interface
conditions would surely manifest in a phase shift between
basal and surface roughness elements, but to adequately
interpret these shifts, it would be necessary to know if
the ice is frozen to the bed, what the distribution of till
is, and if the till is saturated or frozen. We currently do
not have such data along the particular transect used in
this analysis.
This work presents preliminary results and future
efforts are required to expand this analysis to other
regions within the greater Jakobshavn drainage basin.
Additional work will explore enhanced basal-to-surface
transfer under increased basal sliding due to surface
drainage; as such a process may represent an important feedback mechanism that has currently been overlooked. Forthcoming ice penetrating radar retrievals of
the bed/ice sheet state (frozen vs decoupled) will provide additional insight into the basal-to-surface roughness
transfers. There is also a need to identify regions within
the ablation zone, where surface roughness components
are more strongly modulated by surface-atmosphere processes, relative to sub-surface transfer processes. This,
and future work, will further constrain the influence of
basal topography of surface roughness and its corresponding impact on supraglacial lake distribution.
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NOTATIONS
The following symbols are used in this paper:
Xk D Fourier transformŁ
W s D Continuous wavelet transformŁ
εxz
D Strain rate along x-directionŁ
z
D Vertical depth (m)Ł
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