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[1] Increases in surface melt rates along the Greenland ice sheet margin have accelerated
meltwater production, resulting in supraglacial lakes that can drain rapidly and enhance
basal sliding. In this study, supraglacial lakes in western Greenland are mapped from
multitemporal Landsat panchromatic imagery during the 2007 melt season. The analysis
models lake spatial structure and establishes sequencing of drainage from 6 June through
9 August 2007. Results indicate high spatial clustering at lower elevations (between
∼100 and 700 m), with minimum lake‐to‐lake distances of ∼100–500 m and lake sizes
<0.5 km2. At higher elevations (700–1200 m), clustering decreases with minimum
distances on the order of 900–1400 m and lake sizes between 0.5 and 1 km2. Lakes at
elevations above 1200 m exhibit less clustering and smaller areas. Clustering was spatially
heterogeneous within elevation bands, with high clustering between ice streams and fewer
lakes along shear margins. Spatial patterns of lake drainage throughout the 2007 melt
season exhibit strong spatial coherency. The magnitude of clustering reveals patterns
caused by surface melt production and water routing through surface streams as well
as in situ drainage. Cluster patterns are influenced by proximity to crevasses fields,
shear margins, as well as topographic structure.
Citation: Lampkin, D. J. (2011), Supraglacial lake spatial structure in western Greenland during the 2007 ablation season,
J. Geophys. Res., 116, F04001, doi:10.1029/2010JF001725.

1. Introduction
1.1. Motivation
[2] The changing mass of the Greenland and Antarctic ice
sheets represents the largest unknown in predictions of
global sea level rise over the coming decades [Dowdeswell,
2006; Lemke et al., 2007]. At present, central regions of the
Greenland Ice Sheet (GIS) are frozen to their beds, but the
latent heat stored in abundant surface meltwater could cause
rapid thawing [Parizek and Alley, 2004]. Increased surface
melt rates along the ice sheet margins have accelerated
meltwater production, consequently resulting in increased
infiltration to the ice sheet bed. This process occurs through
several mechanisms that have a significant impact on ice
sheet flow behavior [Zwally et al., 2002], including the
filling and draining of supraglacial lakes along the margins
of the GIS. Therefore, characterizing the spatial configuration of supraglacial lakes and their temporal variability will
provide observation‐based performance criteria for future
ice sheet models used to parameterize the impact of supraglacial hydrology on GIS mass balance.
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1.2. Prior Work
[3] Supraglacial lakes form in topographic depressions in
the ablation zone of GIS and have sizes on the order of
several square kilometers [Echelmeyer et al., 1991; Lüthje
et al., 2006; Box and Ski, 2007; McMillan et al., 2007; Sneed
and Hamilton, 2007]. These lakes are known to drain rapidly
and deliver water to the ice sheet bed through the hydrofracture process [van der Veen, 1998; Boon and Sharp, 2003;
Alley et al., 2005; van der Veen, 2007]. Krawczynski et al.
[2009] determined that supraglacial lake sizes between 0.25
and 0.8 km in diameter contain a sufficient amount of water
to drive cracks by hydrofracture through subfreezing ice
approximately 1.5 km thick. Box and Ski [2007] demonstrated
that lake drainage events can provide a sufficient volume
of water (upward of 31.5 × 106 m3 d−1) to hydraulically
pressurize the ice/bed interface during events that can last
for hours to days. Das et al. [2008] observed rapid (<2 h)
drainage of a large surface lake with localized ice sheet
uplift, acceleration, subsidence, and deceleration over a 24 h
period in the western GIS.
[4] There have been efforts to characterize the temporal
behavior and spatial distribution of supraglacial lakes over
various parts of the GIS. McMillan et al. [2007] evaluated
approximately 300 lakes on the margins of GIS and determined that lake behavior and characteristics, such as drainage timing and size, were governed by latitude, elevation,
and time of season. Sundal et al. [2009] conducted a multiregional assessment of lake behavior over the southwest,
northwest, and eastern parts of GIS for the 2003 and 2005–
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2007 melt seasons. Their work revealed regional differences
in the timing of drainage (2–3 week delay in north relative
to south), with lakes forming and draining at progressively
higher elevations. Although there have been several lake
inventories developed, an assessment of the spatial structure
has not been undertaken.
1.3. Objectives
[5] In this study, spatial structure is a quantitative determination of the spatial relationship of filled and drained
lakes. Those lakes have a local distribution that is either
random or highly ordered, and changes through the melt
season as a result of various physical processes. Quantifying
this spatial structure will provide a baseline metric from
which to examine processes that control ablation zone surface morphology, and the spatial and temporal behavior of
supraglacial lakes. Characterizing spatial structure is vital in
determining whether lake behavior is coherent in space and
time. Coherency in time may indicate that environmental
conditions (i.e., seasonality) play an important role on the
structure of drainage patterns and moulin formation. Coherency in space might suggest that the basal drainage system,
into which lakes drain, is highly organized. These characteristics of supraglacial and subglacial ice sheet hydrology
are currently not well understood.
[6] The present study executes a lake survey through interpretation of high‐resolution satellite imagery over the Jakobshavn drainage basin during the 2007 melt season in western
GIS. This inventory is used to quantify lake spatial structure
through application of spatial statistical modeling, which
quantifies the magnitude of spatial proximity or “clustering”
among filled and drained lakes. The application of a spatial
statistical approach to characterizing supraglacial lake distributions provides a more comprehensive assessment of
spatial proximity beyond metrics that use absolute distance.
Spatial statistical models or cluster analysis can evaluate the
degree to which absolute distances differ from a random
distribution of lakes within a given neighborhood. In this
way, a normalized metric of spatial “closeness” is derived
that allows for comparison of spatial proximity and organization across large regions with varying conditions, and
provides a quantitative benchmark from which spatial and
temporal coherency can be evaluated. This analysis examines spatiotemporal variations in cluster patterns during the
2007 melt season over the Jakobshavn drainage basin and
evaluates how these patterns are related to elevation, melt
production, and surface topography.

2. Data
[7] Landsat Enhanced Thematic Mapper Plus (ETM+) panchromatic imagery was used to create the supraglacial lake
inventory. Air temperature data acquired at meteorological
stations within the study region that are part of the automated Greenland Climate Network (GC‐Net) were used to
assess melt conditions throughout the 2007 melt season.
Topographic data from a digital elevation model over the
study region was used to assess relationships between lake
spatial structure and elevation. A first‐order assessment of
surface variability at spatial scales greater than 100 m (undulations) was derived from ICESat laser altimeter measure-
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ments. ICESat data have a spatial resolution of ∼170 m. This
is an acceptable sampling interval for this analysis, because
supraglacial lake diameters can range from a few hundred
meters up to about 1500 m in the Jakobshavn outlet basin
[Box and Ski, 2007]. Lake positions have been successfully
derived using coarser resolution satellite data (MODIS) at
250 m resolution [Box and Ski, 2007]. Therefore, ICESat
data are sufficient for providing important information about
topographic structure relevant to the scale of this analysis.
2.1. Satellite Data and Lake Inventory
[8] Boundaries of supraglacial lakes within the study region
were manually delineated from high‐resolution, cloud‐free
Landsat‐7 ETM+ SLC‐off panchromatic (hereafter referred
to as Landsat) data at 12.4 m spatial resolution. Scenes were
centered at path (009), row (011), and acquired from the
U.S. Geological Survey Land Processes Distributed Active
Archive Center (USGS LPDAAC; http://edcsns17.cr.usgs.
gov/EarthExplorer/). Each Landsat scene is approximately
170 km (north‐south) by 183 km (east‐west). Scenes used in
this analysis were acquired on 6 June, 22 June, and 9 August
2007. The ETM+ SLC‐off images suffer from strips of
missing data corresponding to a malfunction in the onboard
scan‐line corrector. The missing scan lines are regularly
spaced throughout each image with an increase in the width
of missing lines near the image margins. The scene centers
contained missing scan lines that were only 1 or 2 pixels in
width, whereas missing line widths near the margins were
about 15 pixels on average. Missing pixel values due to this
malfunction were filled using spatial linear interpolation. The
linear interpolation scheme executes an automated search
for a missing cell value and finds the nearest pixels that
have data within the same column containing the missing
cell value. The gaps of missing pixel values were filled
through application of spatially local linear interpolation.
Linear filling reduces scene contrast along the missing row
and has the adverse effect of blurring boundaries between
scene elements that exhibit sharp changes in pixel values
over a short distance.
[9] A defined set of guidelines was employed to ensure
consistency and quality in selected, digitizable lakes from
Landsat imagery. First, only lakes with reasonably discernible boundaries were delineated. Small lakes less than the
width of missing scan lines were not included in the inventory and therefore not analyzed. Additionally, rectilinear
features, indicative of a stream or stream‐like structures,
were not mapped. The boundaries of a water‐filled lake were
delineated through identification of spatially closed features with low digital number (DN) values, indicative of
increased surface absorption due to the presence of water
across ETM+ panchromatic bands. Drained lakes were identified by those lakes that were filled in an initial scene and
empty in a subsequent scene. Lakes demonstrating incomplete
drainage or filling between image dates were not mapped in
this survey.
[10] Lake mapping was executed through protocols that
involved two independent analysts for quality control:
(1) Lakes were initially mapped by an experienced primary
analyst. (2) After all lake boundaries were delineated for
each image, a second analyst performed a cross‐validation
by delineating a subset of lakes using the same mapping
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Figure 1. Study region boundaries defined by Landsat ETM+ path (009), row (011) scene extent in gray
scale overlaid with elevation contours at 200 m intervals. Major outlet glaciers/ice streams are demarked
by numerical designations (white boxes): 1, Store Gletscher‐Sermeq Kujalleq; 2, Sermeq Avannnardleq;
3, Sermeq Kujalleq; 4, Kangilerngata Sermia; 5, Eqip Sermia; 6, Sermeq Avannnardleq (LL); and
7, Alangordliup Sermia.
criteria as the primary analyst. A control sample of 25 randomly selected coordinates within the study area for each
image date was identified. The second analyst independently
mapped lakes within a 5 km radius centered at each control
location. Lakes mapped by the second analyst were compared with those delineated by the primary analysts.
[11] A total of 1180 lakes were mapped by the primary
analyst from the Landsat scenes. The cross‐validation analysis determined that only 5% of the subset (725 lakes) differed from those mapped by the primary analyst. The subset
represents ∼60% of all lakes mapped by the primary analyst.
Lakes that differed between the two analysts did not represent a spatial bias, given that the cross‐validation locations
were a random sample over the study region. There was no
selection bias due to the impact of scan‐line distortions
because missing lines are regularly spaced over each scene.
[12] The centroid of each lake, defined as the geometric
center of an area enclosed by a polygon boundary, was
coded (1) for filled lakes and (2) for drained lakes. These
values have no geophysical meaning, but are simply nonzero codes.

2.2. Surface Meteorological Data
[13] Data derived from the Program for Regional Climate
Assessment (PARCA) GC‐NET archive [Steffen et al., 1996]
were used to estimate surface melt amount during the 2007
melt season. A temperature‐index approach developed by
Braithwaite and Olesen [1989] was applied to hourly air
temperatures measured at the JAR1 and JAR2 GC‐NET
stations (Figure 1) to estimate daily melt at in equivalent
water height (mm d−1) given by
at ¼ ða1 * Ht Þ þ ðb1 * T ðC Þ * Ht Þ;

ð1Þ

where T is measured mean daily air temperatures in °C,
a1 (mm d−1) and b1 (mm d−1 deg −1) are regression constants,
where a1 = 1 +/−4 mm, b1 = 7.7 +/−0.5 mm [Braithwaite
and Olesen, 1989] for T ≤ 0, Ht = 0, and T > 0, Ht = 1.
2.3. Laser Altimeter and Elevation Data
[14] High‐resolution data acquired from the Geoscience
Laser Altimeter System (GLAS) on board NASA’s ICESat
were used to evaluate the relationship between surface
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topographic structure and supraglacial lake cluster patterns.
The GLAS system uses a 1064 nm laser pulse with a spatial
footprint of 70 m and along‐track resolution of 170 m. The
present study uses processed elevation data products (GLA12,
release 28) acquired from the National Snow and Ice Data
Center, spanning the acquisition period from 24 May to
26 June 2006 [Zwally et al., 2003].
[15] In addition, this study uses a gridded digital elevation
model (DEM) covering GIS, derived from GLAS/ICESat
measurements and acquired from the National Snow and
Ice Data Center (NSIDC) data archive (http://nsidc.org/data/
nsidc‐0305.html). The DEM was sampled at 1 km grid
spacing and projected to the polar stereographic reference
system [Zwally and Brenner, 2001; DiMarzio et al., 2007].

3. Methods
[16] Several measures for quantifying the strength of spatial relationships have been developed and applied to both
the natural and social sciences. A basic measure of spatial
relationship is autocorrelation or spatial relatedness, which
assumes that objects close together are more similar than
those that are far apart [Anselin and Griffith, 1988; Arbia,
1989]. Measures to model spatial relatedness or correlation have been utilized in several disciplines: geographers
have used spatial statistical metrics such as Moran’s I and
Geary’s c [Cliff and Ord, 1973], while geologists, geophysicists, and remote sensing scientists are familiar with semivariance measures [Davis, 1986]. In the present study, a local
scale statistic called the Getis‐Ord Gi(d) measure [Getis and
Ord, 1992] was used to model the spatial structure of mapped
supraglacial lakes during the 2007 melt season. Gi(d) is a
common spatial statistical measure, which is part of the class
of linear permutation statistics from which inference tests
can be derived to establish the degree of spatial randomness
[Pitman, 1937; Mantel, 1967; Cliff and Ord, 1973; Hubert
et al., 1981]. The Gi(d) metric is attractive for elucidating
processes that give rise to patterns of local “pockets” of
spatial dependency. Gi(d) quantifies the degree of spatial
association, resulting from the concentration of the sum of
weighted x values associated with j points within a radius d
centered about point i, given by Getis and Ord [1992] as
follows:
G i ðd Þ ¼

n
X



wij ðd Þ xj  xi



,

j

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
wi ðn  1  wi Þ
Si
n2

j 6¼ i
ð2Þ

where xj is the observed value at location j for n observations, and xi is the mean observations centered on point i.
The mean of observations is calculated as follows:
xi ¼

n
1 X
xj
n  1 j; j6¼i

ð3Þ

in a region within a specified radius (d). The spatial weight
matrices Si and wi are
wi ¼

n
X
j; j6¼i

wij ðd Þ; and Si2 ¼

n 
2
1 X
xj  xi
n  1 j; j6¼i

ð4Þ
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Statistical inference on Gi(d) can be evaluated to determine
whether the spatially weighted difference between samples,
centered about the point i, within the radius d, are statistically different from a distribution of random points. Inference tests are based on rejection of the null hypothesis (Ho)
at the 95% confidence interval. Ho states that all n! random
permutations of paired combinations within radius d are
equally likely [Getis and Ord, 1992]. Getis and Ord [1992]
demonstrated that Gi(d) is asymptotically normal as the
number of samples within d increases. For sample populations that are not strongly skewed, eight neighbors are sufficient for reliable inference testing [Getis and Ord, 1992].
[17] An appropriate value for d was constrained through a
spatial autocorrelation analysis applied to filled and drained
lake centroids mapped from each Landsat image. A search
radius of 8 km was selected for the clustering analysis because
this radius corresponds to the maximal spatial correlation
among lakes from the 6 June, 22 June, and 9 August Landsat
scenes.
[18] Given the categorical codes (filled lakes = 1,
drained = 2), increasing negative values of Gi(d) indicate
a high concentration of filled lakes, while increasing positive values of Gi(d) indicate a high concentration of drained
lakes within the search radius d.

4. Results
4.1. Lake Distribution, Area, and Elevation
[19] The temporal and spatial variations in filled (blue)
and drained (red) lakes (Figure 2) show the general sequence
of lake drainage, propagating from low‐ to high‐elevation
regions of the ablation zone as the melt season advances.
Table 1 summarizes the total number of drained and filled
lakes mapped between 6 June and 22 June and from 22 June
to 9 August. A total of ∼1180 lakes were identified during
the analysis period. Early in the season (6 June), most filled
lakes are spatially concentrated between 558 m and 1027 m
at a mean elevation of 792 m (Table 1). Approximately 570
lakes drained between 6 June and 22 June, and tended to
occupy a mean elevation of 722 m with a majority of the distribution between 557 m and 887 m (Figure 3). Later in the
season (from 22 June to 9 August), ∼290 filled and ∼ 380
drained lakes were present at higher elevations (Figure 3).
Drained lakes had a mean elevation of 1022 m, and filled
lakes had a mean elevation of 1256 m.
[20] A transitional zone exists in each of the Landsat
scenes, where drained and filled lakes are interspersed. This
region is characterized by a transition from drained lakes at
relatively lower elevations to filled at higher elevations. The
transition zone migrates to higher elevations as the season
advances.
[21] Lake areas exhibit strong spatial dependency over the
melt season. In general, drained and filled lake areas range
between 0.001 and 1 km2 over the season. During the early
part of the melt season (6–22 June), filled lakes at elevations between ∼700 and 1500 m, are <0.5 km2 in area.
Filled lake areas in this elevation range increase in size,
with lakes as large as ∼1.5 km2 near 1200 m in elevation
(Figure 4a). This is not the case for filled lakes at lower elevations (∼200–500 m), which tend to have areas <∼0.3 km2
(Figure 4a). The majority of drained lakes on 22 June are
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Figure 2. Spatial and temporal variability of drained (red points) and filled (blue points) lakes for each
image from 6 June through 9 August 2007. Each image represents all filled lakes mapped from a given
image date, and drained lakes were identified by those lakes that had completely drained in a subsequent
image.

small (<0.2 km2), and span an elevation range between ∼500 m
and 800 m (Figure 4b). Later in the season (22 June to
9 August), filled lakes are more dispersed, with most of the
distribution shifted to higher elevations between ∼1200 m
and 1600 m, and lake areas of >2.5 km2 (Figure 5a). Drained
lakes show a similar trend, with most lakes between ∼900 m
and 1400 m and areas as large as ∼0.8 km2 (Figure 5b).
Drained lakes during this period are still larger at higher
elevations than earlier in the melt season.
4.2. Lake Distribution and Surface Ablation
[22] Daily ablation estimated from 11 May 2007 (day 131)
through 30 August 2007 (day 242), at the JAR 1 and JAR 2
meteorological stations show that occasional large melt
events lagged as a function of elevation (Figure 6). The JAR2
station indicates a sharp increase in melt amount several
days preceding 6 June, while, at JAR1, no melting occurred.
The interval between Landsat acquisition dates of 6 June
and 22 June shows an increase in melting at JAR2, while a
modest increase in melt occurred during this same time
period at JAR1. This is consistent with the appearance of
highly clustered melt lakes at lower elevations (near JAR2,
∼570 m) that are almost completely drained by 22 June.
Concurrently, filled lakes appear at elevations near JAR1

(970 m). The interval between 22 June and 9 August is characterized by the highest magnitude of melt at JAR2 and a
substantial increase at JAR1. This is coincident with a shift
in lake occurrence to high elevation and an increase in lake
size (Figure 5).
4.3. Lake Spatial Structure Patterns
[23] The spatial distribution of Gi(d) for filled and drained
lakes between 22 June and 9 August 2007 demonstrates local
coherence and variability across the study area (Figure 7).
Gi(d) values on 22 June show moderate clustering closer to
the coast and regions outside of the shear margins south of
Jakobshavn Isbræ. Similar patterns appear outside the shear
zones north of Sermeq Avannarleq (just north of Jakobshavn
Isbæ near llulissat) (Figure 7a). Both moderate and strongly
clustered filled lakes occupy spatially limited regions well
outside the shear margins of any outlet glaciers in the study
area. By early August, drained lakes are not as spatially concentrated as earlier in the season, while filled lakes are moderately clustered (−0.08 < Gi(d) <−0.77) occupying higher
elevations (Figure 7b). There is some heterogeneity in the
distribution of cluster magnitudes. The upstream regions of
Alanngorliup Sermia (south of Jakobshavn) have low (positive and negative) values in Gi(d) for both drained and

Table 1. Descriptive Statistics of Elevation and Area of Lakes for Each Image Date
Descriptive Statistics:Elevation (m) (Area (km2))

Image date: 6 June
Filled
Image date: 22 June
Draineda
Filled
Image date: 9 August
Draineda
Filled
Total number of mapped lakes (filled)

Lake Totals

Mean

Standard

Maximum

Minimum

327

792.5

234.3

1470.3

162.2

226
568

721.8(0.064)
1072.2(0.239)

164.9(0.078)
245.4(0.287)

1316.0(0.769)
1645.7(2.369)

162.2(0.005)
228.4(0.003)

381
285
1180

1021.5(0.188)
1255.7(0.519)

245.9(0.249)
231.8(0.926)

1494.3(2.369)
1708.5(6.892)

228.4(0.003)
580.80.007)

a

Completely drained lakes that were mapped as filled on a given image date and were devoid of water on a subsequent image date.
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Figure 3. Box‐whisker plots depicting the elevation distribution of drained and filled lakes for each
Landsat image date, where the notched box boundaries represent the 25th and 75th percentiles, the notch
corresponds to the sample median value, and the filled triangles correspond to the mean. The notch box
plot allows for the comparison of each sample, and if the notches of two boxes are misaligned, then it
indicates that the medians of these two distributions are statistically different at the 95% confidence level.
Each box plot has an associated normal distribution curve representing binned elevation values for
drained and filled lakes delineated on the image date.

filled lakes across a broad range of elevations (from ∼800 m
to 1600 m) (Figure 7b). In general, the magnitude of Gi(d)
decreases in the upslope regions of Semeq Avannarleq and
Equip Sermia ice streams as the season advances.
[24] Spatial patterns in lake clustering vary with lake area
throughout the melt season. In general, drained lake areas
tend to be smaller in zones where lakes are highly clustered.
As the degree of drained lake clustering decreases, lake
areas increase to ∼0.1 km2. Larger drained lakes tend to
occupy higher elevation regions, while smaller drained lakes
tend to be at lower elevations. Drained lake sizes are smaller
with increasing proximity to ice stream shear margins. A
scatterplot of lake area and Gi(d) for all lakes mapped on
22 June and 9 August summarizes lake size and clustering
magnitude (Figures 8a and 8b). Early in the melt season,
strongly clustered drained lakes tend be <0.5 km2 (Figure 8a).
By 22 June, filled lakes have a broad range in lake area
upward of 2 km2. For Gi(d) > 1, filled lake sizes demonstrate a broader range than for Gi(d) < 1, even though much of
this distribution is biased toward smaller lakes. On 9 August,
there is less coherence between lake size and degree of clustering for both filled and drained lakes (Figure 8b), with
most lake areas <1 km2. Relationships among lake spatial
coherence, size, and temporal variability indicate a general
set of hydrologic regimes characterized by localized patterns
in melt production, drainage, and lake area. Regions at lower

elevations, not adjacent to crevasse fields, are populated
by smaller, highly clustered lakes (Figure 9a). At slightly
higher elevations (600–1000 m), lake sizes increase and
are associated with reduced clustering (Figure 9b). At elevations <1400 m, there are fewer, less clustered crescent‐
shape lakes (Figure 9c). Although there has not been a
systematic survey of supraglacial streams in this analysis,
a first‐order assessment indicates that at low (<600 m) and
high (>1000 m) elevations there are few channels associated
with lakes. Channels appear to be most prevalent at elevations between 600 and 1000 m with several linking lakes
together, often terminating in crevasse fields. Additional
work will further explore these relationships.
4.4. Lake Spatial Structure and Surface Topography
[25] Topography is the first‐order control on lake spatial
distribution, because water collects in depressions or local
topographic lows. Measured surface elevation along selected
tracks from ICESat (Figure 10, map) acquired on 27 May
(track 1), 12 June (track 2), and 18 June (track 3) 2006, provide a sample of topographic variability across the study
region. These track segments were selected because they
were the only available data over the study region during the
early part of the ablation season. ICESat data from 2006
were used in this comparison because data for the 2007 melt
season were not available.
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and characterized by sparse lake occurrence and diffusely
clustered lakes throughout the analysis period. In contrast,
there are segments along track 1, where lakes are highly
clustered, such as between 95 km and 105 km. This is commensurate with large surface undulations (Figure 10a).
[29] Track 2 demonstrates similar relationships between
surface undulations and lake cluster patterns as those along
track 1 (Figure 10b). The high‐elevation region of track 2
is characterized by undulations of moderate amplitude and
frequency from ∼0–100 km along the track. This section of
the profile is dominated by broad depressions, corresponding
to large changes from positive to negative values in ∂2y/∂x2
near ∼45 km and 100 km (Figure 10b, top). These regions
do not have any lakes early in the study period (22 June).
However, by 9 August, the larger depression near ∼100 km
along the track 2 profile corresponds to a highly clustered
package of filled lakes near 1400 m elevation (Figure 10b,
bottom). The profile reaches its lowest elevation near 125 km
and corresponds to the upstream section of Jakobshavn Isbræ.
[30] Track 3 covers the region south of Jakobshavn Isbræ
and spans a smaller segment extending 40 km inland from the
coast. The higher elevation segment of track 3 (Figure 10c,
bottom) from 0 to 20 km is dominated by low‐amplitude,
low‐frequency undulations, consistent with moderate to low
clustering of filled lakes. The transition from moderate to

Figure 4. Relationship between elevation at the location of
mapped lake centroids and lake area within delineated lake
boundaries derived from the 22 June 2007 Landsat image:
(a) filled lakes; (b) lakes that had completely drained between
the 6 June and 22 June 2007 image dates.
[26] Variations of elevation along ICESat tracks are shown
in Figures 10a (bottom), 10b (bottom), and 10c (bottom). The
second derivate of along‐track elevation (∂2y/∂x2) is used to
quantify variability in surface undulations by determining
the magnitude of convexity (negative values) and concavity
(positive values) along the track segment. If ∂2y/∂x2 is zero,
then the surface is an inflection point where there is a transition from a local topographic depression to a ridge or visa
versa.
[27] The lower elevation segment of track 1 (Figure 10a,
bottom) is occupied by moderate and dense clusters of
drained lakes. The highest magnitude of drained lake clusters occurs ∼30 km along the profile measured from (A) and
corresponds to an elevation profile that has high‐frequency,
low‐amplitude undulations. There is a relatively deep depression at ∼19 km, evident by large changes from positive to
negative values in ∂2y/∂x2. This depression contains lakes
that demonstrate moderate levels of clustering and coincides
with the upstream section of Sermeq Avannarleq.
[28] The flanks of Sermeq Avannarleq are heavily crevassed and contain few lakes. This is a similar condition
present along track 1, where a sequence of crevasses between
65 and 87 km is associated with the upstream portions of the
ice stream complex of Eqip Sermia, Kangilerngata Sermia,
and Sermeq Kujalleq. These regions are heavily crevassed

Figure 5. Relationship between elevation at the location of
mapped lake centroids and lake area within delineated lake
boundaries derived from the 9 August 2007 Landsat image:
(a) filled lakes; (b) lakes that had completely drained between
the 22 June and 9 August 2007 image dates.
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Figure 6. Estimated meltwater production (mm/d) computed from daily air temperature measurements
acquired from the mean of hourly temperatures measured at JAR1 (962 m elevation) and JAR2 (568 m
elevation) GC‐NET meteorological stations using a temperature‐index approach [Braithwaite and Olesen,
1989], from 11 May 2007 (day 131) through 30 August 2007 (day 242).

low clustering of filled lakes occurs at approximately 13 km
along the profile, where there is increasing occurrence of
local depressions and shifts between concave and convex
inflections (Figure 10c, top). The transition from diffusely
clustered filled to drained lakes occurs between 21 and 24 km
during the June period. This region is marked by an increase
in the amplitude and frequency of surface undulations, which
become much more pronounced between 31 and 40 km, and
is occupied by a dense cluster package of drained lakes
closer to the crevasse field flanking Jakobshavn Isbræ.

5. Discussion
[31] The results demonstrate significant relationships
between lake spatial structure, elevation, and size. These relationships indicate important surface morphological controls
such as accumulation, ablation, and runoff, as well as the
influence of firn temperature, longitudinal and lateral stress
fields, and basal topography. The relative impact of each of
these factors has yet to be resolved and warrants further
investigation. However, some insights about controls on
supraglacial hydrology have been revealed by this analysis.
5.1. Influence of Basal Topography
[32] Several studies have speculated that the primary control of supraglacial lake distribution is the bedrock topogra-

phy [Box and Ski, 2007; Das et al., 2008] given that 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].
[33] Earlier studies examined the relationship between basal
structure and surface topography, suggesting that transfer
of basal undulations to surface topographic structure peaks
at a wavelength three times the ice sheet thickness, with
a decline at longer wavelengths [Nye, 1959; Budd, 1970;
Budd and Carter, 1971; Whillans and Johnson, 1983]. This
estimate was refined by Reeh [1982] and Jóhannesson [1992]
who state that basal wavelengths less than the ice thickness
are not translated into the surface topographic structure.
Gudmundsson [2003] determined that basal‐to‐surface transfers is also a function of basal “slipperiness” or the basal slip
ratio, which is a ratio of basal sliding to deformational
velocity. For low to moderate slip ratios, small basal perturbations translate into very localized and small surface
undulations. However, at larger values above a minimum
slip ratio, the transfer of basal wavelengths to the surface is
on the order of 3–8 times the mean ice thickness. In more
recent work, Lampkin and Vanderberg [2011] performed a
spectral analysis of surface and basal topography to understand basal‐to‐surface roughness transfer and the relationship to the spatial distribution of lakes over a range of ice
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Figure 7. The Getis‐Ord Gi(d) z‐scores for filled (red) and drained (blue) lakes on (a) 22 June 2007 and
(b) 9 August 2007. Increasingly negative values of Gi(d) indicate a high degree of spatial clustering
among filled lakes, while increasing positive values of Gi(d) indicate a high degree of clustering among
drained lakes. Values of Gi(d) equal to zero correspond to lake distributions (filled or drained) that are
statistically indistinct from a random distribution of lakes within a given radius.

thickness. 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
wavelength component is prevalent and influences lake
distribution. The 10–11 km wavelength window 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 the transfer window of 3–8 times ice
thickness. Over thinner ice (500–700 m), lake distribution
exhibits the strongest spatial periodicity of 5.6 km, which is
very near 8 times the ice thickness and consistent with the
window of roughness transfer established by Gudmundsson
[2003]. In general, 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 Johnson, 1983]. [Lampkin and
Vanderberg, 2011] showed that basal sliding dominates the
lower‐elevation section of the study transect, corresponding

to surface undulations with the highest power near the
5.6 km wavelength. There are surface undulations at lower
elevations with significant power near the 1.9 km wavelength that is less prevalent in the basal topography and may
not be directly attributed to the basal influence. At higher
elevations, internal deformation was dominant and coincident with a region with few lakes.
[34] Although this analysis does not include a rigorous
comparison with basal topography, results from the present
study illustrate patterns that elucidate the influence of basal
topography on lake spatial structure. For highly clustered
filled lakes early in the melt season at lower elevations, ice
thickness is on the order of ∼300–500 m, where lakes tend
to be highly clustered (Figure 7). This pattern is observed in
highly clustered zones, just north and south of Jakobshavn
Isbræ. At elevations between 1000 and 1200 m, away from
shear margins, lakes tend to be less clustered with minimum
distances between lakes on the order of ∼500 m to 900 m.
Ice thicknesses in these regions are between 700 and 1000 m,
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Figure 8. Scatterplot displaying the relationship between estimated lake area and the Getis‐Ord (Gi(d))
metric used to quantify spatial clustering as a statistical measure of the relative degree of spatial proximity of mapped lake centroids to a spatially random distribution of lakes manually delineated from the
(a) 22 June 2007 and (b) 9 August 2007 Landsat image dates.

which indicate that this region could be moderately controlled by variations in bedrock roughness. For regions of
higher elevation (between 1200 and 1300 m), there is less
clustering, where ice sheet thickness is on the order of
1100 m. In general, as elevation and ice thickness increase,
lakes tend to be less clustered or relatively farther apart. At
best, this analysis indicates that low‐frequency components
in basal topography are influential over all elevations in
the study region. The relative influence of higher‐frequency
components in basal topography may be greater at lower
elevations where the ice is thinner. This has important
implications for modeling future ice sheet stability. If
lake distributions scale with bedrock roughness, then with
knowledge of bedrock topography and ice flow information, it is possible to predict where lakes would form as
surface melt rates increase commensurate with higher temperatures (R. Alley, personal communication, 2009).
5.2. Ablation Rate, Drainage, and Lake Characteristics
[35] Temporal variability of lake spatial structure indicates a pattern of meltwater production and drainage over

the study area. The strong shift to higher elevations for
both filled and drained lakes from early to late periods in
the melt season is heavily dependent on surface energy
balance components that drive melt production. High melt
rates (Figure 6) estimated from GC‐NET stations are coincident with early cycling of filling and draining of lakes
at elevations less than 1000 m. McMillan et al. [2007]
observed similar relationships between temperature, elevation, and lake dynamics during the 2001 melt season. Results
from the present study indicate a relatively high mean elevation (∼1072 m) of filled lakes in late June, which is substantially higher than surveyed in late June 2001 by McMillan
et al. [2007]. The presence of lakes at higher elevations early
in the melt season indicates a significant shift in conditions responsible for melt production and has implications
for enhancing mass discharge through basal lubrication and
warming of cold ice at a depth farther inland.
[36] Relationships between lake size and lake drainage
patterns demonstrate coherent behavior over the melt season. Highly clustered filled lakes with areas generally less
than ∼0.5 km2 tend to drain coherently during the 16‐day
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Figure 9. Conceptual models of surface flow and infiltration regimes classified based on temporal variations in supraglacial lake cluster magnitude and area, where Figure 9a shows zones of highly clustered
lakes, not in close proximity to crevasses, where hydrofracture infiltration is the likely dominant infiltration process; Figure 9b characterizes moderately clustered regions at higher elevations where there are a
large of number of interlake streams that partition meltwater first into the surface flow that either infiltrates into adjacent crevasse fields or through hydrofracture drainage; and Figure 9c shows zones at
the highest elevations where lakes are present that are partially occupied by fields, underdeveloped crescent‐shaped basins with few interlake streams. This latter zone is occupied by lakes with low clustering
magnitude and smaller area.

interval between 6 June and 22 June (Figure 7a). Later in the
melt season, between 22 June and 9 August, drained lakes
show far less spatial organization, with much of this distribution spread out over a broader range of cluster magnitudes
(Figure 7b).
5.3. Lake Spatial Structure and Crevasse Fields
[37] Fewer lakes tend to be near ice stream margins
(Figure 2). This spatial pattern arises because the flanks of
outlet glaciers are heavily crevassed and have relatively well
developed fracture systems allowing surface meltwater to
drain easily (Figure 9). Ground‐penetrating radar (GPR)
investigations carried out by Catania et al. [2008] near the
JAR1 and Swiss Camp GC‐NET stations during the 2006
melt season detected several englacial channels. Tensile
stress calculated along depth profiles coincident with radar
transects indicated that surface meltwater is partitioned into
surface streams that transport water to heavily crevassed
locations and vertically infiltrate into the ice sheet [Catania
et al., 2008]. Catania et al. [2008] also suggest that ponding
occurs in local depressions dominated by compressive forces responsible for a lack of crevasses. Lake clusters at low
elevations from the present study coincide with regions

known [Catania et al., 2008] to have small strain rates
(Figure 7).

6. Conclusions
[38] The present study has extended our knowledge about
the spatial and temporal behavior of supraglacial lakes
through application of spatial cluster analysis to a lake inventory derived from visible satellite data during the 2007 melt
season. Major findings include the following:
[39] 1. The derivation of a lake inventory from high‐
resolution satellite data, which is spatially comprehensive,
covering a large proportion of the ablation zone within the
Jakobshavn drainage basin. This inventory resolves lakes on
the order of tens of meters over a relatively more extensive
area than previous lake surveys.
[40] 2. Lake drainage is spatially coherent, where lakes
that completely drain are closer to each other than those that
do not drain.
[41] 3. Highly clustered lakes tend to be smaller than
lakes that are more diffusely distributed. This relationship
tends to scale with elevation and time of season. Small,
water‐filled lakes tend to dominate the ablation zone earlier
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Figure 10. The map shows the location of ICESat tracks acquired on 27 May (track 1), 12 June (track 2)
and 18 June (track 3), 2006. Figures 10a (top), 10b (top), and 10c (top) show the second derivative of
elevation (∂2y/∂x2) along tracks 1, 2, and 3, respectively. Figures 10a (bottom), 10b (bottom), and 10c
(bottom) show the elevation along tracks 1, 2, and 3, respectively.

in the season, whereas larger lakes tend to dominate later in
the season.
[42] 4. The relationship among lake size, degree of clustering, and elevation are strongly correlated with surface undulations. Overall, these lake characteristics indicate variations
in melt production, the influence of basal topography on
surface roughness, and drainage mechanisms.
[43] Future work will further explore how supraglacial
and subglacial factors govern observed patterns in lake
spatial structure. A specific task will be to understand how
spectral components in basal topography influence lake spatial
distributions.
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