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Abstract:

Supraglacial channels are an important mechanism for surface water transport over the ablation zone of western Greenland. The
first assessment of the spatio-temporal distribution of surface melt channels and their relationship to supraglacial lakes over the
Jakobshavn Isbræ region of Western Greenland was analysed using Landsat Enhanced Thematic Mapper Plus panchromatic
images during the 2007 melt season. A total of 1188 melt channels were delineated and show an increase in the number of melt
channels throughout the season, reaching a peak on 9August.Water-filledmelt channels advanced to amaximum elevation of 1647m
on 9 August and attained a minimum average slope of 0.009 on 8 July. The ablation zone demonstrates two hydrologic modes, where
crevasse and moulin terminating channels dominate at elevations<800m and higher-order channel networks>800m. Development
of higher-order networks is interrupted by flow divergence due to partitioning of melt water into vertical infiltration through moulins
and crevasse fields prevalent at lower elevations. Tributary and connector networks between 800 and 1200m in elevation are
correlated with fewer lake occurrences, lower surface velocities (~50ma�1), and ice flow dominated by internal deformation over
basal sliding. High-order channels are associated with lake basins that exceed melt water storage capacity. Evolution of channel
networks is coupled to changes in melt water production, runoff, and ice dynamics with implication for the englacial and subglacial
environments. © 2013 The Authors. Hydrological Processes Published by John Wiley & Sons, Ltd.
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INTRODUCTION

Ice sheet response to climate change remains the largest
uncertainty in predicting future sea level rise (Dowdeswell,
2006; IPCC, 2007). Recently, several Greenland ice sheet
(GIS) outlet glaciers, including Jakobshavn Isbræ, have
undergone dynamic thinning, acceleration, and retreat
(Luckman and Murray, 2005; Pritchard et al., 2009)
corresponding to a doubling of the contribution to sea level
rise, increasing from 0.23± 0.08mmyear�1 between 1993
and 2003 to 0.57± 0.10mmyear�1 between 2000 and 2011
(Rignot and Kanagaratnam, 2006; Stearns and Hamilton,
2007; Shepherd et al., 2012). The Jakobshavn outlet glacier
drains ~7% of the GIS surface area (Bindschadler, 1984;
Echelmeyer et al., 1991) and has experienced dramatic
changes resulting in a doubling of ice flow from 5.7 kma�1

to as high as 12 kma�1 from 1992 to 2003 (Joughin et al.,
2004). Much of these changes have been attributed to the
impact of warm water on melting along Jakobshavn’s
terminus, enhancing the disintegration of the ice tongue and
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the loss of buttressing that retarded mass flux from the outlet
glacier (Holland et al., 2008).
The GIS has been subjected to increased temperatures

since the early 1990s (Hanna et al., 2008), commensurate
with increases in melt rates (Joughin et al., 2004; Rignot
and Kanagaratnam, 2006). Changes in surface melt has
been linked to local increases in ice velocity (Zwally
et al., 2002; Joughin et al., 2004; Das et al., 2008;
Shepherd et al., 2009; Joughin et al., 2010; Bartholomew
et al., 2012). Surface melt collects in local depressions on
the ice sheet, resulting in the development of supraglacial
lakes that fill and drain seasonally (Bryzgis and Box,
2005; Lüthje et al., 2006; Box and Ski, 2007; McMillan
et al., 2007; Sundal et al., 2009; Lampkin, 2011;
Lampkin and VanderBerg, 2011; Liang et al., 2012).
Infiltration can be driven by surface runoff into moulins
or crevasse fields or via hyrdo-fracture. Hydro-fracture
results in surface melt water infiltration when a water-
filled crack propagates to a depth where the longitudinal
tensile stress rate, which keeps the crack open, is balanced
by the tendency for the crack to close because of ice
overburden pressure (Weertman, 1971, 1973; Alley et al.,
2005a, b; van der Veen, 2007). Hydro-fracture in cracks
at the bottom of lake basins can be responsible for
ons, Ltd.
Attribution-NonCommercial-NoDerivs License, which permits use and

e use is non-commercial and no modifications or adaptations are made.

http://creativecommons.org/licenses/by-nc-nd/3.0/


D. J. LAMPKIN AND J. VANDERBERG
rapid drainage of supraglacial lakes (Zwally et al., 2002;
Parizek and Alley, 2004; Alley et al., 2005a,2005b; Das
et al., 2008; Krawczynski et al., 2009). McGrath et al.
(2011) have determined that infiltration due to crevasse
and moulin drainage over small scales is very efficient at
delivering vast amounts of surface melt water into the
englacial and subglacial hydrologic systems as well. By
middle to late summer, most lakes decrease in area or
completely drain with slow drainage being attributed to
lake overflow into supraglacial channels (Tedesco et al.,
2011; Banwell et al., 2012). Whereas hydro-fracture is a
dominant mechanism for water infiltration, the contribu-
tions of supraglacial channels to surface melt runoff and
infiltration have not been explored. The characterization
of supraglacial channels and their relationships to lakes
are not well understood.
This study is the first to our knowledge that delineates

and characterizes the supraglacial hydrologic network
broadly over an outlet drainage basin in western
Greenland from measurements. The objectives of this
effort are to delineate and evaluate the spatio-temporal
variability of supraglacial channel networks and their
relationship to lakes throughout the 2007 melt season near
the Jakobshavn Isbræ region (Figure 1). In this work, we
Figure 1. Study area depicting the ablation zone within the drainage basin of
over a 2007 greyscale panchromatic Landsat-7 Enhanced Thematic Mappe
regional map (top right) depicting the relative location of Jakobshavn drain
(Hardy et al., 2000). Trace indicating the main axis of flow of Jakobshavn

meteorological stations (J
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identify and delineate water-filled supraglacial channels
from high-resolution visible satellite imagery. We classify
channels according to topological relationships. We
evaluate relationships between supraglacial channels and
lakes. Lastly, we evaluate channel network configurations
in the context of principles of basin-scale hydrodynamics
as a first-order assessment of contemporary hydrologic
conditions over the Jakobshavn outlet region.
DATA

Satellite data

Landsat-7, Enhanced Thematic Mapper Plus (ETM+)
Scan-Line Corrector (SLC)-off data acquired from the US
Geological Survey LPDAAC (https://lpdaac.usgs.gov/)
were used to delineate supraglacial channels. Landsat-7
panchromatic (Band 8) images have a spatial resolution of
12.5m. Surface-leaving radiances in the wavelength
interval from 0.520 to 0.900μm were atmospherically
corrected using 6S (Ouaidrari and Vermote, 1999) and
converted to reflectance. Cloud-free, Landsat scenes were
acquired over the summer months (June, July, and August)
during the 2007 melt season (Table I). ETM+ SLC-off
Jakobshavn Isbræ. Elevation contours (200-m intervals) are superimposed
r Plus image. The boundaries of the study region are highlighted in the
age basin located in western Greenland with delineated drainage basins
Isbræ (white line) as well as locations of Greenland Climate Network

AR1, JAR2, and CP1)
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Table I. Landsat image acquisitions and specifications

Landsat image dates 6 June, 22 June, 8 July, and 9 Aug
Spatial resolution 15m

Panchromatic Band 8 (0.520–0.900μm)
Coverage 180 km× 180 km

33 300 km2

Scene boundaries 68.5°–70.7°N
46.1°–52.7°W

SUPRAGLACIAL MELT CHANNEL NETWORKS OVER THE JAKOBSHAVN ISBRÆ REGION
images suffer from swaths of missing data resulting from a
malfunction in the onboard scan-line correction. Missing
pixels due to this malfunction were estimated using a linear
filling routine (for details, see Lampkin, 2011). The width of
missing scan lines varies from 1–2 pixels near nadir to 15
pixels near themargins. The impact of a linear filling routine
produces reduced scene contrast along the missing row and
results in a slight blurring of features that intersect the
missing scan lines. Only features that have not been
significantly distorted or eclipsed by the missing scan lines
are included in this analysis.
High-resolution (1-m) Quickbird imagery acquired in

2008 from the Polar Geospatial Center was used to
enhance our analysis of channels that appeared to
terminate (channels that do not drain into lakes) in the
Landsat imagery. A qualitative comparison between
terminal channels derived from Landsat with the higher-
resolution Quickbird was evaluated over a small region,
roughly 10 km2.

Elevation data

Elevation data from the Advanced Spaceborne Thermal
Emission and Reflection Radiometer global digital
elevation model (GDEM) are used to determine melt
channel flow direction, orientation, and slope. GDEM is
derived from nadir and aft-facing visible near-infrared
imagery. GDEM has a horizontal resolution of 30m and a
vertical resolution of 20m over the study area. GDEM
data are provided in 1° × 1° tiles from the US Geological
Survey LPDAAC (https://lpdaac.usgs.gov/).

Meteorological data

The Greenland Climate Network (GC-NET) is com-
posed of 20 automated weather stations deployed across
the GIS. GC-NET data provide atmospheric conditions
present throughout the melt season and also allow for the
identification of the onset of melt at different elevations
across the study region (Steffen et al., 1996) (http://cires.
colorado.edu/science/groups/steffen/gcnet/). Our assess-
ment of surface melt rates in this analysis is not
exhaustive and does not provide sufficient evaluation of
the spatial distribution of melting. The use of satellite-
based methods for determination of the spatial distribu-
tion of melt occurrence and duration in addition to melt
© 2013 The Authors. Hydrological Processes published by John Wiley & S
states from regional-scale climate models are not used in
this analysis. Each of these approaches presents advan-
tages and limitations that together provide a comprehen-
sive assessment of surface melt conditions. Inclusion of
these dataset to assess the spatio-temporal distribution of
melt and its relationship to channel networks specifically
is beyond the scope of this work but will be pursued in
the future. Our treatment of evaluating melt rates is
simply to provide a general context on the timing and
configuration of melt channels examined. The melt rate
(M) of the ice/snow surface is a given by the surface
energy balance

M ¼ SW in þ SWout þ LW in þ LWout þ Hs þ HL þ Gs

(1)

where SWin and SWout are downwelling and reflected
shortwave radiation fluxes, LWin and LWout are
downwelling and emitted longwave radiation fluxes, Hs

and HL are turbulent sensible and latent heat fluxes, and
Gs is sub-surface heat flux due to conduction. Closing the
energy budget to estimate surface melting requires the
measurement of several parameters including radiation
components, temperature, humidity, wind speed, and
surface roughness among others, which are difficult to
measure on the surface of the ice sheet annually.
Therefore, temperature index methods have been used
to circumvent these challenges on the surface of glaciers
given that net longwave radiation, sensible heat flux, and
largely latent heat flux are correlated with T measured at
2m above the surface (T2m) (Ohmura, 2001). Melt
estimated from temperature index methods is coupled to
T2m via the degree-day factor for ice/snow and is
determined experimentally over several ablation seasons,
which are assumed to be constant over time (van den
Broeke et al., 2010). The degree-day method has been
used over Greenland (Braithwaite and Olesen, 1989;
Braithwaite, 1995) and has been assimilated into ice sheet
models to estimate melt water runoff (Huybrechts and de
Wolde, 1999; Janssens and Huybrechts, 2000). The
degree-day approach has several limitations. It cannot
be uniformly applied spatially as the degree-day factors
are only locally valid owing to spatially varying
conditions in surface roughness, albedo, and partitioning
of fluxes in the surface energy balance among other
factors (Hock, 2003; van den Broeke et al., 2010).
Hourly T2m data from three GC-NET stations JAR1,

JAR2, and Crawford Point (CP1) were used in this
analysis and spanned a range in elevation of 568–2022m
(Table II; Steffen and Box, 2001). These stations provide
a representative sample of variability in melt conditions
across the study region. Air temperatures were measured
using a Campbell Scientific CS-500 instrument with an
accuracy of 0.1 °C. Field calibration of air temperature
ons, Ltd. Hydrol. Process. (2013)
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Table II. Greenland Climate Network stations used in this
analysis

Station name Latitude and longitude Altitude (m)

JAR1 69.4984N, 49.6816W 962
JAR2 69.4200N, 50.0575W 568
CP1 69.8783N, 49.9966W 2022
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measurements was performed, where deviations in air
temperature, relative humidity, and wind speed were
adjusted to zero on the basis of per cent mean deviations
over a 7-h calibration period (Steffen et al., 1996).
Measured hourly air temperatures were aggregated to
daily average temperatures (T2m). The amount of melt at
each station was estimated using the following formula-
tion of the temperature-degree model:

at ¼ κiHt T2m � T °
� �

Δt
T2m ≤ 0;Ht ¼ 0

T2m > 0;Ht ¼ 1

(
(2)

where at is ablation (kgm�2) estimated per day (Δt), To
the melt threshold, Ht the Heaviside function, and κi the
degree-day factor for ice in this case. A value of 9.2
(kgm�2 day�1 K�1) was used for κi based on figures
derived by Hock (2003) for the surface of GIS below
1000m in elevation. Van den Broeke et al. (2010) recently
Figure 2. Graphical illustration of major components in the supraglacial hydr
crevasse fields identified in a subset of a Landsat Enhanced Thematic Mapp
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revised values for κi over part of southwestGIS fromAugust
2003 to 2007, which is ~8 kgm�2 day�1K�1 for ice and is
consistent with those report by Hock (2003) and van deWal
(1992). Additionally, van den Broeke et al. (2010)
suggested that lowering the threshold value by ~5K can
compensate for bias in estimated melt amount because of
short daytime melting and nocturnal refreezing common at
higher elevations within the ablation zone. Given this, we
use a value of 268.15K (5K less than the melt temperature)
for To.
METHODS

Melt channel delineation and classification

Water-filled melt channels were identified and delineated
on the basis of visual interpretation of Landsat ETM+
panchromatic imagery using morphological and spectral
characteristics. Features that were rectilinear in morphology
and demonstrated relative high contrast in reflectance
between the presumed channel and the surrounding ice
were mapped as channels (Figure 2). There are both
temporal and spatial limitations on the delineation and
tracking of supraglacial channels in this analysis as a result
of the use of Landsat ETM+ panchromatic data. There may
be channels that are present but not included in the survey
because they may not have been filled with melt water
ologic environment, which includes supraglacial lakes, melt channels, and
er Plus panchromatic image with a nominal 12.5-m horizontal resolution

ons, Ltd. Hydrol. Process. (2013)



SUPRAGLACIAL MELT CHANNEL NETWORKS OVER THE JAKOBSHAVN ISBRÆ REGION
during the period when Landsat images were acquired. This
limitation is a result of the 16 repeat acquisition periods of
the Landsat-7 system. The nominal resolution of the Landsat
imagery (12.5m) provides a limit on the minimum
resolvable feature, such that channels of widths less than
~12.5m are not identified.
A qualitative classification system was also created and

applied to the channel inventory based on the relative spatial
configurations and connectivity of channels and lakes.
Three classes were created to characterize relative topolog-
ical relationships observed in the supraglacial hydrologic
system, where each channel was designated as a ‘tributary’,
Figure 3. (a) Supraglacial melt channel network classification scheme that
qualitatively assesses the hydrologic topology of delineated melt channels.
Type 1: Tributary channels are those that flow into lakes or other melt
channels. Type 2: Connector channels are channels that flow between two
supraglacial lakes. Type 3: Terminal channels are features that appear to
terminate in non-lake locations, presumably crevasses or moulins. (b)
Classification scheme assessing the interconnectivity between melt channels
and lakes, based on a simple ratio quantifying the number of channels that

flow into a given lake relative to the number of channels that flow out

Table III. Melt channel ch

6 June

Number of channels 116

Elevation (m) Mean 757
Range 68–1326
Stand deviation 194.5

Length (km) Mean 1.71
Max 8.84
Stand deviation 1.14

Slope Mean 0.0146
Stand deviation 0.009

Azimuth (degrees) Mean 255.5

© 2013 The Authors. Hydrological Processes published by John Wiley & S
‘connector’, or ‘terminal’ feature (Figure 3a). Tributary
channels are defined as those channels flowing into another
channel or a supraglacial lake; connector channels are
classified as those that flow between two supraglacial lakes;
and terminal channels are single channels that flow into
lakes, crevasses, and moulins. Topological relationships
between supraglacial channels and lakes were further
examined by evaluating the number of inflow and outflow
channels for each lake.
RESULTS

Spatio-temporal variability of melt channels

The surface melt channel survey for the 2007 season
produced 1188 features over the four Landsat ETM+
images (Table I). The number of channels increases
through the month of June, becoming relatively constant
in July and August (Table III). The lowest numbers of
channels (116) over the ~35 000-km2 study area occur on
6 June (Figure 4a). By 22 June (Figure 4b), 351 channel
features were mapped, representing a 200% increase over
the 16-day period between the successive image acqui-
sitions. After 22 June, the number of channels remains
nearly constant, with 359 channels present on 8 July
(Figure 4c) and 362 channels delineated on 9 August
(Figure 4d).

Melt channel elevation and slope

Channel morphological characteristics, such as mean
elevation along channel, slope, length, flow direction, and
orientation, were derived using the Advanced Spaceborne
Thermal Emission and Reflection Radiometer digital
elevation model. Mean elevation of channels in each
scene (Figure 5) varies with changes in total number of
channels as the season advances (Table III). Channels
tend to progress to higher elevations throughout the melt
season, reaching the highest elevation of 1664m on 9
aracterization data table

22 June 8 July 9 Aug

351 358 362

1013 1017 1036
72–1398 75–1568 76–1698
214.5 272.2 288.1

2.24 2.12 2.04
11.47 13.34 9.71
1.57 1.76 1.49
0.0109 0.0091 0.0105
0.0095 0.0073 0.0124

246.1 224.1 223.8

ons, Ltd. Hydrol. Process. (2013)



Figure 4. Spatial distribution of delineated supraglacial melt channels across the study area (blue) superimposed over Landsat Enhanced Thematic
Mapper Plus imagery for images at elevation contours of 200m. (a) 6 June 2007. (b) 22 June 2007. (c) 8 July 2007. (d) 9 August 2007. Elevation

contours at 200-m intervals are depicted as well

D. J. LAMPKIN AND J. VANDERBERG
August (Figure 5). Channel slopes were estimated using
the difference between elevations at the terminal nodes of
the channel segments, normalized by the channel length.
Earlier in the season, channel slopes (mean slope of
0.015) tend to be larger than higher elevations where the
ice surface is less steep. Channel slopes decrease
throughout the first half of the melt season, reaching the
lowest value (0.009) on 8 July (Table III). Mean channel
© 2013 The Authors. Hydrological Processes published by John Wiley & S
length increases during the month of June (2.2 km). The
maximum individual channel length is recorded on 8 July
(13.3 km; Table III).
Evolution of channel network

The classification scheme characterizing channel net-
works demonstrates both temporal and spatial variability
ons, Ltd. Hydrol. Process. (2013)



Figure 5. Box–whisker plots illustrating the distribution of melt channel
elevations for each image date. The elevation at the midpoint of each
digitized channel line segment (points) is depicted in addition to the mean
for all channels (▲) and mean elevation of terminal class channels (■),

standard deviation (box boundary) and min and max (whiskers)

SUPRAGLACIAL MELT CHANNEL NETWORKS OVER THE JAKOBSHAVN ISBRÆ REGION
throughout the melt season. Tributary channels are the most
common channel configuration (Figure 6a). Tributary
channels tend to be dominant early in the melt season,
whereas connector configurations are most prevalent during
the peak period of the melt season. Terminal configurations
tend to dominate later in the season (Figure 6a). The spatial
distribution of channel network configurations as a function
of elevation reveals that terminal channels mostly occupy
elevations <800m. Tributary and connector configurations
occur at higher elevations of >800m (Figure 6b).
Because of the spatial resolution of Landsat (12.5m),

the nature of terminating conditions for channels
classified as terminal is not well resolved. A qualitative
comparison between terminating channels delineated
from the Landsat imagery and the higher-resolution
Quickbird (1m) data was implemented. We were able
Figure 6. Frequency or total number of channels as a function of (a) channel
configuration type by date and (b) elevation integrated for all image dates

© 2013 The Authors. Hydrological Processes published by John Wiley & S
to examine only five terminal channels, owing to limited
coverage in the Quickbird data over the 2007 melt season.
The comparison revealed three primary termination modes:
(1) channels over low surface slopes that bifurcate into
branches, resulting in shallow channels that appear in the
Landsat imagery to abruptly end, analogous to terrestrial
braided streams (Figure 7a), (2) channels that terminate into
moulins (Figure 7b), and (3) terminal channels that end
abruptly when they intersect a crevasse field (Figure 7c).

Relationship between supraglacial channels and lakes

Analysis of the topological relationships between
channels and lakes reveal that the majority of lakes are
not associated with melt channels (Figure 8a). Among
those channels that are associated with lakes, most are
outflow channels. Lakes with both inflow and outflow
channels are less common (Figure 8a). The numbers of
lakes peak (Figure 8b) near the same time that the number
of tributary-type and connector-type channel totals peak
(Figure 10). The maximum number of channels flowing
into or out of a given lake identified at the scale of this
analysis is three, occurring at elevations between ~800
and 1200m, with a particular concentration near 1200m
(Figure 9). Mean elevation of both inflow and outflow
channels are comparable across the number of channels
per lake with an approximately 200-m difference between
lakes with one inflow/outflow channel versus those with
three (Figure 9). Generally, the mean elevation increases
as the number of inflow/outflow channels increases,
whereas the range and standard deviation decrease. The
range in elevation for the occurrence of in/out channels
per lake varies considerably. For lakes with one and two
inflow/outflow channels, the elevation distribution for
outflow channels is slightly skewed to lower elevations
than inflow channels. For lakes with three inflow/outflow
channels per lake, inflow channels span a greater range in
elevation than outflow channels (Figure 9).

Supraglacial channels and surface melt

Time series of estimated surface melt rates at three GC-
NET sites in the ablation zone of GIS establish some
general relationships between the evolution of melt
channel networks and surface melt production. Over the
course of the melt season, the lower elevation site (JAR2)
has consistently higher melt rates than JAR1 and CP1
(Figure 10b). Maximum surface melt water production at
both JAR 1(~90 kgm�2) and JAR2 (~110 kgm�2 ) peaks
with a lag of only a day between ordinal days 191 and
192 (Figure 10b). We calculate the difference between
estimated melt amount at JAR1, JAR2, and CP1 (Δai)
over the melt season and interpret temporal changes in the
difference as an indication of the progression of melting
from low to high elevations (Figure 10a). Differences in
ons, Ltd. Hydrol. Process. (2013)



Figure 7. Terminal conditions determined from high-resolution Quickbird images, for channels classified as ‘terminal’ in the Landsat imagery.
Termination scenarios identified are those when channels (a) demonstrate bifurcations resulting in braided morphology (distributed termination), (b)
terminate into cracks or vertical shafts called moulins (moulin termination), and (c) abruptly end in a system of fractures or cracks composing a crevasse

field (crevasse termination)

Figure 8. (a) Supraglacial lake and channel configurations identified
during the 2007 melt season. Lake and channel relationships are
classified as inflow, outflow, both (inflow and outflow channels present),
or neither (no channels associated with a given lake). Panel (a) illustrates
the number of lakes with associated channels that fall into each of the
four lake–channel configuration categories. (b) Total number of lakes
present in each Landsat scene derived from lake survey conducted by

Lampkin (2011)

Figure 9. Distribution of channel inflow and outflow (into or out of a
given lake) as a function of elevation derived on each Landsat Enhanced
Thematic Mapper Plus image date during the 2007 melt season. Mean
elevation per category is given by (●) for inflow channels and (▲) for
outflow channels. Plot box boundaries are standard deviation, and

whiskers are minimum and maximum elevations

D. J. LAMPKIN AND J. VANDERBERG
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melt amount between JAR1 and JAR2 stations reveal two
distinct periods. An early period when the magnitude of
melting at JAR2 is substantially higher than that at JAR1
ons, Ltd. Hydrol. Process. (2013)



Figure 10. Melt time series within the Jakobshavn drainage basin during
the 2007 melt season. (a) Difference between ablation amounts at JAR1
and JAR 2 (black line) and JAR1 and CP1 (red line) with date of peak
occurrence in each channel type and lakes marked. (b) Time series of
ablation estimated from daily mean (2-m) air temperatures measured at
Greenland Climate Network stations JAR1, JAR2, and CP1 using

Equation 2 based on Braithwaite and Olesen (1989)

SUPRAGLACIAL MELT CHANNEL NETWORKS OVER THE JAKOBSHAVN ISBRÆ REGION
with a maximum in Δai of ~40 kgm�2 near day 135 and a
period between ordinal days 161 and 214; differences are
lower in the order of ~20 kgm�2 (Figure 10a). Overall,
Δai between JAR1 and CP1 are higher than that between
JAR1 and JAR2. This is expected as the difference in
elevation is greater between CP1 and JAR1 than between
JAR1 and JAR2. The largest values in Δai between CP1
and JAR1 are primarily associated with periods where no
melt is produced at CP1, indicating sporadic melting at
higher elevations.
Supraglacial channel network configurations revealed

in this analysis evolve as surface melt production varies.
Peak occurrence in tributary-type and connector-type
networks occurs early in the melt season during intervals
characterized by larger Δai than later in the season at
elevations between ~500 and 900m (Figure 10a). Peak in
terminal channel occurrence is coincident with large Δai
later in the melt season. Peak occurrence in supraglacial
lakes is near the period of maximum melt production at
JAR1 and JAR2 when Δai is low (Figure 10a, b). Within
each channel network class, the maximum number of
© 2013 The Authors. Hydrological Processes published by John Wiley & S
channels for terminal and tributary systems occurs at an
elevation of ~900m, whereas connector-type channels
reach a peak occurrence at ~1400m.
The temporal and spatial variability in peak occurrence

over each channel network type are related to melt water
production and the mechanisms that control melt water
runoff across the ablation zone throughout the melt
season. Terminal channel network occurrences temporal-
ly peak later in the melt season at lower elevations within
the ablation zone (Figure 5). It appears that terminal
channels are draining regions just upstream of 900m and
are most active later in the season after peak melting at the
same elevation. Tributary systems reach their peak
occurrence in the same elevation range as terminal systems
but temporally peak early in the melt season. Connector
systems tend to be activated early in the season but at higher
elevation than terminal and tributary systems. Although
tributary and terminal networks have comparable spatial
distributions during peak occurrence, they are temporally
activated at different times in the melt season, indicating a
bimodal hydrologic response to changes in melt production.
This may be an indication of superimposed drainage
systems that are activated to accommodate varying amounts
of runoff as the melt season advances.
Although this is not an exhaustive evaluation of surface

melt conditions across the study area, it is clear that the
supraglacial channel network is responding to varying
conditions across the ablation zone. Evolution of channel
networks is driven by fluctuations in the magnitude of
melt production as well as changes in surface storage (in
lake basins) and sinks (crevasses and fractures), which
impact the timing of channel inundation and drainage
throughout the melt season.
DISCUSSION

The supraglacial hydrologic system is similar to the land
surface hydrologic system in several ways. Both have
hydrologic basins composed of three interrelated compo-
nents: hillslopes, channel networks, and sinks. Hillslopes
are the source region for mass through the collection or
production of runoff; channel networks are the mass
transfer system facilitating drainage; and sinks are where
water exits the local basin through a single point. Channel
networks in land surface hydrologic systems are known to
form and evolve through the maximization of spatially
distributed potential energy generated on hillslopes into
kinetic energy as discharge (Rodriguez-Iturbe et al.,
1992). This is likely a governing force in shaping the
evolution of the supraglacial hydrologic environment,
although the factors that control the changing surface
morphology of an ice sheet are not the same as those on
the land surface.
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The supraglacial and terrestrial systems are influenced
by differences in both exogenic (surface) and endogenic
(sub-surface) forcing on surface morphological charac-
teristics. Land surface systems are underlain by bedrock,
where tectonic processes drive changes in surface
morphology as a primary endogenic forcing. Surface
runoff due to precipitation, as an exogenic forcing, drives
dissipative processes that redistribute mass regulated by
variability in mesoscale and synoptic-scale atmospheric
dynamics. In supraglacial systems, exogenic processes are
responsible for mass accumulation and redistribution
through melt as a function of exchange of heat and mass
between the atmosphere and ice sheet surface. Endo-
genic forcing is regulated by transfer of basal
undulations to the ice sheet surface. Because of this
complex environment, variability in supraglacial channel
networks demonstrates a range of configurations
representing the influence of seasonal and decadal variabil-
ity in exogenic and endogenic forcings.
Basal topography and supraglacial channel networks

Several authors have established that maximum basal
roughness transfer occurs at wavelengths of three to eight
times the ice thickness (Nye, 1959; Budd, 1970; Whillans
and Johnsen, 1983). Gudmundsson (2003) demonstrated
that basal-to-surface transfer is dependent on the degree
of basal sliding, where a decrease in basal friction can
facilitate the transfer of higher-frequency components in
the basal topography. Basal transfers have a significant
impact on the supraglacial hydrology. Lampkin and
Vanderberg (2011) established that over the Jakobshavn
region, supraglacial lake spatial distributions are within
the established range of basal-to-surface roughness
transfer, primarily in regions where surface velocity is
dominated by the contribution of basal sliding over
internal deformation. Additionally, advected ice over a
rough bed contributes to variations in the surface strain
field, resulting in the formation of fractures, crevasses,
and moulins, which are scale-dependent controls on
surface water routing. The direct impact of basal
topography on the evolution of supraglacial channel
networks via surface topography has yet to be thoroughly
explored. At large scales, basal topography may influence
the distribution and flow direction of supraglacial
channels. We speculate that surface gradients on the scale
of undulation wavelengths three to eight times the ice
thickness would define the primary impact basal topography
would have on supraglacial channels. Additionally, as basal
sliding increases, the amplitude of basal-to-surface transfer
increases as well (Gudmundsson, 2003). Increased surface
topographic amplitudes likely enhance the capture of
surface runoff into numerous depressions forming lakes
and could shorten channel lengths as they connect lake
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basins. At elevations (800–1200m) where internal defor-
mation dominates over basal sliding (Lampkin and
Vanderberg, 2011), the ice is thicker, resulting in shallow
surface slopes coincident with tributary and connector
channel configurations that link lake basins. At the scale of a
single basal perturbation, Gudmundsson (2003) determined
from modelling ice flow over an isolated Gaussian basal
protrusion that ice will pile up on the upstream side of the
basal hill, resulting in the formation of a bulge in the surface
topography centred over the upstream flank of the hill. On
the downstream end of the hill, a surface depression will
form (Gudmundsson, 2003; Cuffey and Paterson, 2011,
Chapter 7). Subsequently, supraglacial channel orientation
andflow characteristicsmay be linked to the development of
supraglacial lakes on either side of the surface bulge. On the
upstream side, supraglacial channels will likely flow in the
same direction as ice flow, resulting in channels that feed
melt water into lakes that have formed on the upstream side
of the bulge. This is consistent with terminal channels at
elevations greater than 800m, which collimate melt water
runoff from ice slopes into the lakes. On the downstream
side of the bulge, channels develop as a result of overfilling
of lakes that formed on the downstream side of the bulge.
Channels downstream of relatively isolated bulges likely act
to transport water from one lake to another, consistent with
tributary-type and connector-type networks. Additionally,
elevations where tributary and terminal channel networks
are coincident but activated at different times in the melt
season could be regulated by variability in surface
topography influenced by basal topography. Additional
work is required to fully characterize the impact basal
topography has on the structure and evolution of
supraglacial channel networks.
Implications for basin-scale hydrodynamics

The relationship between basin-scale geomorphology
and hydrologic response in land surface systems has been
extensively explored. The hydrologic response of a basin is
derived from the combination of flow hydrodynamics
within individual flow routing paths and geomorphology
based in part on an accurate assessment of the geometry and
topology of the flow network (Rinaldo et al., 1991). The
Horton–Strahler stream order (Ω) classification system has
been used to characterize flow routing topology land surface
systems (Horton, 1932, 1945; Strahler, 1952, 1957; Strahler
and Chow, 1964). The Horton–Strahler system assigns a
numerical code to each stream channel segment in a network
based on its relative position and connectivity with other
streams in the network. Generally, low-order channels near
a basin’s divide tend to be associated with moderate to steep
slopes, whereas higher-order segments develop over terrain
with smaller gradients, resulting in wider channels and
higher discharge (Q) (Saco and Kumar, 2002).
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Relating channel network to basin-scale hydrodynamics
has been the subject of several efforts (Rodríguez-Iturbe and
Valdés, 1979; Gupta et al., 1980;Wang et al., 1981; van der
Tak and Bras, 1990; Rinaldo et al., 1991; Rodriguez-Iturbe
and Rinaldo, 1997; Veitzer and Gupta, 2000; Raff et al.,
2003; Reis, 2006, and many others), where many quantify
the variance of a basin’s hydrograph due to the impact of
river network structure. Effectively, hydrodynamic and
geomorphological dispersions have the largest impact on
the variance of discharge impulse travel time through a
channel network (Rinaldo et al., 1991), given that basin
response is partially a nonlinear function of the Strahler
channel order (Ω∝ logQ) in addition to other factors
(Horton, 1945; Minshall, 1960; Stall and Fok, 1968;
Pilgrim, 1976).
Although we do not employ the Horton–Strahler

system, our system of characterizing supraglacial melt
channel networks in this analysis can provide insights
into the hydrologic function and connectivity of flow
paths throughout the Jakobshavn drainage basin as the
Horton–Strahler system. Categorizing the hydrologic
system in this way allows us to broadly identify different
hydrodynamic conditions across the ablation zone. Our
analysis reveals that terminal channels become the dominant
type of channel configuration by the end of the melt season
(Figure 6a) with the largest occurrence at elevations<800m
(Figure 6b). The development of higher-order networks is
interrupted by flow divergence due to partitioning of melt
water into vertical infiltration through moulins and crevasse
fields, which are most prevalent at lower elevations
(Figure 7). Tributary and connector configurations reach
maximum occurrence in late June (Figure 6a) during the
period of peak melt production and dominate elevations
between 800 and 1200m (Figure 6a). Higher-order channel
configurations are associated with greater discharge and
may be most prevalent within the specific elevation range
assessed because of accumulated melt runoff produced
upstreamwherewarming advances to higher elevations later
in the melt season (Figure 10). Given this, we might expect
higher-order channels identified in this analysis to maintain
larger hydraulic cross sections (either deeper or wider
channels) or greater lengths than terminal channels in
addition to extended travel times in melt water discharge.
The prevalence of tributary and connector classes within the
800- to 1200-m elevation range is correlated with fewer lake
occurrences and lower surface velocities (~50ma�1) and is
associated with ice flow dominated by internal deformation
rather than basal sliding (Lampkin and Vanderberg, 2011).
The spatial distribution of higher-order channels is
coincident with lakes that maintain several outflow
channels per lake (>1). This indicates melt water
throughput that exceeds basin storage capacity, particularly
near the 1200-m elevation region where there is a peak in
lake occurrences.
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Supraglacial channel networks and hydrologic scale

The characterization of supraglacial channels in this
analysis is scale limited on the basis of the minimum
spatial resolution inherent in the Landsat panchromatic
imagery. Therefore, smaller-scale components in the
supraglacial hydrology (<12.5m2) were not resolved.
Components in surface topographic structure at various
scales, cracks, fractures, and crevasse fields were not
delineated. Crevasse fields in particular are known to be
an important control on surface runoff in the supraglacial
hydrology. Crevasse area extent (crevasses> 2m) has
increased by ~13% from 1985 to 2009, enhancing melt
water infiltration within the Sermeq Avannarleq area of
our study region (Colgan et al., 2011). This increase in
crevasse extent corresponds to regions we have identified
as dominated by terminal channels with crevasse
termination modes confirmed through high-resolution
imagery. We speculate that it is likely that the supraglacial
hydrologic regime maintains scaled controls on water
routing, storage, and infiltration. In this analysis, we suggest
that channel network constitutes a ‘macro’ level hydrologic
regime, where channelized flow at scales greater than tens of
metres dominates the supraglacial hydrologic response and,
at scales less than 10m, distributed fractures and crevasse
systems influence melt water flow paths. A potential
feedback may exist between the two scales, where micro-
scale features, integrated over large areas, can enhance flow
divergence and impact macro-scale flow paths and
discharge potential, possibly shaping the observed channel
networks we have identified in this analysis. A full
understanding of scale-dependent supraglacial hydrologic
components and their impact on melt water runoff and
infiltration requires further study.

Implications for ice sheet subglacial and englacial hydrology

Subglacial implications. The channel network config-
urations identified in this analysis can provide a first-order
assessment of the structure of the subglacial drainage
system across the ablation zone and its capacity to store
and transport surface melt water. Subglacial hydrology is
an important control on glacier sliding and erosion. The
magnitude of sliding at the bedrock/ice interface is largely
a function of the effective water pressure defined as the
difference between ice overburden and subglacial water
pressure (Paterson, 1994, Chapters 7 and 8). Subglacial
steady-state hydraulics describes water transport through
high-discharge, low-pressure conduits; low-discharge,
high-pressure linked cavities; and subglacial canals within
deformable till (Fowler, 1987; Walder and Fowler, 1994;
Bartholomaus et al., 2007). The subglacial drainage
system evolves dynamically as surface melt water
infiltrates to the base of the ice sheet, resulting in the
growth of cavities and channels due to viscous heat
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dissipation of walls and collapse by ice creep closure
(Cuffey and Paterson, 2010, Chapter 6). Specifically,
evolution of the subglacial system is driven by changes in
subglacial water storage and is a function of melt water
input from the surface (Qin) and discharge through the
glacier terminus (Qout) (Bartholomaus et al., 2007). Qin is
primarily dependent on supraglacial melt water pathways
that directly transport water into moulins and cracks or
from storage in lakes into the englacial and subglacial
drainage systems. When melt water input into the
subglacial system exceed the ability of the conduit
system to transmit water, the conduits pressurize,
decoupling the ice from the bedrock and resulting in
basal motion. As the subglacial conduit system becomes
more efficient at transmitting surface melt water, basal
response to melt water pulses diminishes (Bartholomaus
et al., 2007; Schoof, 2010).
Generally, subglacial hydrologic networks can be

composed of conduits known as Röthlisberger (R)
(Röthlisberger, 1972) channels and linked cavity systems
(Creyts and Schoof, 2009). R channels exist at high effective
pressures and tend to have arterial drainage architecture,
whereas linked cavities are associated with increased water
storage at low effective pressures and a distributed drainage
network (Cuffey and Paterson, 2010). Once a subglacial
system is established, its response is determined by the
relationship between flux and effective pressure as well as
total potential hydraulic gradient (gravity and ice pressure;
Walder, 2010). Given this, we might speculate that at
elevations <800m, the subglacial system could be
dominated by a largely arborescent network of well-
developed R channels, which are effective at accommodat-
ing large fluxes from both supraglacial channels supplying
melt water viamoulins and rapid in situ drainage from lakes.
Elevations between 800 and 1200m could maintain a
subglacial system composed predominantly of a distributed
drainage network through linked cavities and canals. This
could be the configuration of the subglacial network because
inflow is driven by intermittent and low-magnitudeflux than
at lower elevation. We think this is possible because
supraglacial channels at these elevations are classified as
connector systems, where channels largely transport stored
melt between lakes instead of into moulins. This increases
both water storage residence time in lake reservoirs (mean
durations> 30 days for slow draining lakes) and reduces the
magnitude of total infiltrated melt water into the subglacial
system (Lampkin, in preparation). Given intra-seasonal
variability in the supply of melt water from the supraglacial
to subglacial hydrologic systems, we can assume that
subglacial channels are not continuously water filled
through the melt season. This could result in conduit
pressure and flux varying linearly when conduits are filled
and nonlinearly when partially filled (Cuffey and Paterson,
Chapter 6). Additionally, there is the possibility of regional
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transitions between subglacial drainage regimes as a
function of spatial variability in basal topographic
structure as well as temporal transitions due to transient
melt water input from supraglacial infiltration (Fowler,
1987; Walder, 2010). Schoof (2010) theoretically
established that a subglacial network should switch from
an unchannelized to channelized drainage when melt water
discharge within the system exceeds a critical discharge
threshold. At elevations <800m, terminal channels tend to
dominate the supraglacial channel network and likely
supply water to the base directly through moulins. Moulins
can deliver steady melt water to the base of the ice sheet,
whereas rapid in situ supraglacial lake drainage due to
hydro-fracture injects melt water intermittently. Early in the
melt season, melt water input is low, resulting in low
discharge rates and a subglacial drainage dominated by
unchannelized flow. As the season advances, regions
dominated by moulin terminating channels might facilitate
rapid transition from an unchannelized to channelized flow,
which decreases effective pressure and consequently retards
the response of local ice sheet velocity to melt water
injections.
Additional work would be to evaluate the spatial

variability in channel/moulin-dominated drainage versus
lake in situ hydro-fracture and assess total drainage
amount due to these two drainage mechanisms.

Englacial implications. The englacial hydrologic sys-
tem transfers infiltrated surface melt water vertically
through the glacier into the subglacial hydrologic system.
Englacial conduit orientation and network structure have
been described as a vertically draining, arborescent
channel network generally oriented perpendicular to
equipotential lines of total potential (Shreve model)
(Shreve, 1972; Walder, 2010). Gulley et al. (2009) have
characterized a broader range in complex englacial
morphology that violates the basic assumptions of the
Shreve model and is indicative of multimodel transport
mechanisms driven by varying conditions in surface melt
water runoff and infiltration. Observations suggest that
there are three major mechanisms by which englacial
channels can develop: (1) incision and closure of
supraglacial streams, (2) infiltration through permeable
structures (moulins, crevasses, and fractures), and (3) lake
drainage due to hydro-fracture (Gulley et al., 2009).
Evolution of buried streams and some permeable
structures are often characterized in a similar manner as
subglacial R channel systems, where the conduit opening
due to viscous dissipation of energy driving wall melt is
balanced by ice creep closure. The rate of downcutting
increases with increasing discharge (surface melt water
flow along the bottom of the stream or crevasse with a
given channel longitudinal gradient). Once the ice creep
rate exceeds downcutting, the channel ceases to be fed
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from the surface, preventing downcutting, and the
channel can become separated or ‘pinch off’ from the
surface (Fountain and Walder, 1998).
Permeable structures such as crevasses and fractures

have been identified as the primary englacial drainage
mechanism for the most rapid hydraulic connection
between the surface and bed of an ice sheet, particularly
owing to hydro-fracture relative to buried channels
(Fountain et al., 2005). Hydro-fracture is primarily driven
by the rate of water supply into a crack allowing for the
propagation to the bedrock (Weertman, 1973; van der
Veen, 1998a,1998b; Scambos et al., 2000; Alley et al.,
2005a,2005b; van der Veen; Krawczynski et al., 2009;
Tsai and Rice, 2010). This phenomenon has been
observed in the field with supraglacial lakes draining
over a period of <2 h (Das et al., 2008).
Additionally, McGrath et al. (2011) determined that

surface melt water over a small catchment drains into a
single moulin via a distributed network of crevasses and
fractures over western Greenland. They reported that
crevasses tend to dampen the diurnal cycle of melt water
input to the englacial system, resulting in lower discharge
rates relative to drainage through the moulin. Relatively
slow drainage within the crevasse networks implies longer
residence time, resulting in large volumes of stored melt
water in the englacial system (McGrath et al., 2011).
Our work has tentatively identified the termination state

of terminal class channels that transport surface melt
water into moulins or crevasse fields directly. It is
possible that moulin terminations are more efficient at
direct and rapid transfer of surface melt water into the
subglacial system than fractures and crevasses. Fracture-
based and crevasse-based terminations might increase the
probability for increased englacial water storage. We
assessed that terminal mode surface channels are
dominant at lower elevations in the ablation zone but
were not able to determine the distribution of termination
conditions for all channels surveyed. Gulley et al. (2009)
asserted that formation of englacial conduits due to buried
supraglacial channels is consistent with relatively
uncrevassed, steeply sloping regions where melt production
is sufficient to drive incision but not too large to outpace
surface lowering and sub-surface creep closure. These
conditions may be most prevalent at lower elevations where
terminal and tributary networks are found. Given the limited
spatial resolution of the satellite data used in our analysis,we
are not able to capture the impact of crevasses and fractures
on transporting surface melt water into the englacial and
subglacial drainage systems. Our survey will be augmented
with higher-resolution data to elucidate channel termination
modes. This survey does provide important information on
the characteristics of primary channelization likely respon-
sible for transporting large proportions of surface runoff into
englacial structures that deliver melt water to the base of the
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ice sheet rapidly. Future efforts will involve understanding
relationships between primary channels at the scale of our
analysis and smaller-scale crevasses and fractures that may
illuminate drainage efficiency and the magnitude of stored
melt water in the englacial network.

Long-term channel evolution

Long-term evolution of the supraglacial drainage
network is governed by hydrodynamic forces related to
morphological response to fluid flow through the channel
and ice dynamical factors. The forces that impact how the
supraglacial system will evolve over time are scale
dependent, resulting in a range of spatially and temporally
modulated responses.
Within a given channel, fluid flow through the conduit

can result in changes in the hydraulic cross section, resulting
in changes in the flow characteristics and subsequent
feedbacks on channel wall evolution. For a supraglacial
channel, the widening of the channel walls is driven by
melting due to viscous dissipation of energy from theflowof
warmwater through the conduit. Jarosch andGudmundsson
(2012) determined that the incision rate through an idealized
circular conduit under constant melt water flux is
controlled by channel slope and heat transfer from water
to ice along the channel length. Melt rate distribution
along channel walls controls evolution of channel tip
shape, whereas ice deformation counteracts incision
(Jarosch and Gudmundsson, 2012). They also suggested
that wintertime accumulation within the channel can
affect channel closure rates in addition to ice creep.
Satellite-derived estimates of melt extent and duration

since 2000 demonstrate a positive trend in ice surface
temperature (~0.55± 0.44 °C/decade) with two extreme
melt extent events in 2002 and 2012 (Nghiem et al., 2012;
Hall et al., 2013). Given this trend in melt extent surface,
runoff is assumed to increase commensurately. Although
speculative, in the near future, we might expect that at
elevations <800m, surface melt rates will be highest
(Figure 10) as well as mean surface slopes relative to higher
elevations. Therefore, discharge might be sufficiently high
to drive large incision rates that overcome ice creep closure
except in regions dominated by compressive strain fields.
Given that terminal-type channels dominate this part of the
ice sheet, we might expect that in regions where
compressive strain rates are high, there may be numerous
channels that become ‘pinched off’ and buried. This may
also be the case at slightly higher elevations, where some
tributary-type channels exist and surface slopes are lower, as
well as Q due to less melt water production. At elevations
>1200m, channels may be more susceptible to wintertime
accumulation, resulting in more filled channels and surface
mass balance-induced closure, particularly under low
discharge rates and surface slopes.
ons, Ltd. Hydrol. Process. (2013)



D. J. LAMPKIN AND J. VANDERBERG
Long-term assessment of GIS under future warming
scenarios predicts a shift in the equilibrium line to higher
elevations, expanding the ablation zone farther inland and
resulting in increased total runoff over GIS (Cuffey and
Paterson, 2010, Chapter 14). At a regional scale, wemay see
conversion of channel network configurations migrating to
higher elevations on the ice sheet. This is supported by
observations that supraglacial lakes extend to higher
elevations during more intense melt years assessed from
2000 to 2009 (Liang et al., 2012).As ice thins, the frequency
components present in the basal topography are more
readily able to transmit to the surface as a function of ice
thickness and basal slip (Gudmundsson, 2003), resulting in
an increase in undulations in the surface topography.
Increased surface undulations will likely be accompanied
by generally steeper surface slopes and large gradients in the
surface hydro-potential. Given this, we could see conversion
of connector-type channel networks at higher elevations to
terminal-type configurations mitigated by changes in the
local strain fields. These changes would be responsible for
the development of fractures and crevasse fields, enhancing
melt water infiltration. Generally, the evolution of the
supraglacial hydrologic network will be strongly coupled to
the changes in local ice dynamics.
CONCLUSION

We have implemented a novel characterization of surface
melt channel networks near Jakobshavn Isbræ. This work
provides a benchmark for future assessments of supraglacial
hydrology while revealing primary pathways responsible
for redistribution of surface melt waters across the ablation
zone. We have determined that the ablation zone of the
Jakobshavn basin is currently partitioned into two distinc-
tive hydrologic regimes. These regimes are characterized by
the dominance of terminal category channels at elevations
<800m, which terminate into crevasses and moulins. At
elevations >800m, higher-order channels (tributary and
connector systems) are dominant and indicative of hydro-
logic regimes where discharge is regulated by variability in
storage within supraglacial lake basins.We have established
the intra-seasonal evolution of the supraglacial channel
hydrologic system near Jakobshavn. Our work provides
essential information about melt water flow routing,
infiltration variability, and magnitude responsible for
driving the evolution of both the englacial and subglacial
drainage systems, which are not well understood, and
provides a baseline assessment from which future changes
can be evaluated.
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