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ABSTRACT
My doctoral research utilizes remote sensing and GIS techniques to evaluate the
influence of climate on the surface hydrology of the Greenland Ice Sheet.
Specifically, I assess changes in supraglacial melt lake spatial and temporal patterns
in the ablation zone (or melt zone) along the ice sheet margin around Jakobshavn
Isbræ. Supraglacial melt lakes play a significant role in ice sheet hydrology and
mass balance as they have the propensity to catastrophically drain. Such episodic
drainage events inject surface meltwater to the ice sheet–bedrock interface,
lubricating the bed, and provide a mechanism for a dynamic response in ice flow.
The contribution of Greenland’s outlet glaciers to sea level rise has doubled over
the last two decades due to this increased calving.
I introduce a novel tool, FoveaPro (a plug-in to Adobe Photoshop), for mapping
supraglacial melt lakes in the ablation zone from satellite imagery. FoveaPro allows
the user to semi-automate supraglacial lake mapping, making lake identification
more time efficient, and to generate more-precise spatial statistics (such as melt
lake area and shape) on these lakes than current manual methods. I identify
atmospheric circulation patterns coincident with anomalously high and low melt
periods in the context of a 13-year climatology. I utilize depth-reflectance
algorithms that have been previously developed for this region, to calculate melt
lake volume. To ensure accuracy of the melt lake volume calculations, the results
were compared with estimates from a degree-day model that utilizes data from a
nearby weather station in the ablation zone, and with satellite-derived digital
elevation models (DEMs). A more thorough understanding of the amount of surface
meltwater stored in supraglacial lakes, and its atmospheric drivers, better constrains
its impacts on ice sheet hydrology and consequent ice sheet contribution to global
sea level rise.
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Chapter 1
Introduction
The Greenland Ice Sheet (GrIS) is the largest body of ice in the Northern Hemisphere;
fully melting this large ice mass would contribute ~7 m to global sea level rise (Church
et al., 2001; Chen et al., 2006; Fettweis, 2007). Although completely melting the 1.7
million km3 volume of ice is highly unlikely over the next few centuries, the annual
contribution of the GrIS to sea level rise more than doubled over the last two decades
from 0.23 ± 0.08 mm yr-1 between 1993-2006, to 0.59 ± 0.10 mm yr-1 between 20002011 (Shepherd et al., 2012). Furthermore, Rignot et al. (2011) estimate that the
current trend in negative mass balance will raise sea level 15 ± 2 cm by 2050. The
acceleration in mass loss is attributable to several processes, including thinning of
large tidewater glaciers (Thomas, 2003; Krabill et al., 2004), and an increase in surface
melt (Fettweis et al., 2011). Changes in glacial thickness and speed signal that the ice
sheets are extremely sensitive to changes in climate (Bamber et al., 2007; Shepherd et
al., 2009), such as the rise in atmospheric temperature (Alley et al., 2010). What
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remains unresolved is the sensitivity of the supraglacial (glacial surface) environment to
climate variability and its effects in warming scenarios.

1.1 The Supraglacial Environment & Hydraulic Connectivity to
the Englacial and Subglacial Systems
Supraglacial meltwater is produced during the summer months (May - August), and
forms a network of hydrologic features, such as supraglacial streams (Marston, 1983),
saturated crevasses (Lampkin et al., 2013), and supraglacial lakes (Lüthje et al., 2006;
Box and Ski, 2007; McMillan et al., 2007). These hydrologic features are found in the
ablation (or melt) zone along the periphery of the ice sheet at lower elevations where
temperatures are higher than interior regions. Over the past few decades there has
been an increase in surface melt extent during the melt season (Abdalati et al., 2001;
Tedesco, 2007; Fettweis et al., 2011), and a lengthening of the melt season, and thus
supraglacial lakes have formed at higher elevations than before (Howat et al., 2013).
Several studies have utilized satellite imagery to characterize the supraglacial
environment over the previous decades, primarily focusing on supraglacial lakes (Box
and Ski, 2007; McMillan et al., 2007; Das et al., 2008; Sneed and Hamilton, 2008;
2011; Georgiou et al., 2009; Sundal et al., 2009; Liang et al., 2012).
The prior work has also established that the supraglacial hydrologic system is
significant to GrIS mass balance. In specific, supraglacial melt lakes provide the water
storage term in ice sheet mass balance. Surface meltwater can affect ice sheet mass
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loss in two ways: slowly, as surface runoff (Hanna et al., 2008; Mernild et al., 2010), or
quickly, as catastrophic supraglacial lake drainage events (Das et al., 2008). The latter
phenomenon, known as hydrofracturing, injects large amounts of surface meltwater to
the ice sheet—bedrock interface, lubricating the bed, and provides a mechanism
responsible for the observed enhanced flow during the summer months (Joughin et al.,
2008; Brtholomew et al., 2010). Therefore, the observed effects of melt lake drainage
(Das et al., 2008; Joughin et al., 2008) make supraglacial lakes an important
component of the glacio-hydrologic system.

1.2 Jakobshavn Isbræ & the Jakobshavn Ablation Region
Jakobshavn Isbræ is a 15 km wide, tidewater glacier, located in west-central
Greenland (69.5° N), and is responsible for ~7% of the ice sheet’s mass loss due to
calving (Luckman and Murray, 2005). Since the latter half of the 20th century, annual
discharge of Jakobshavn Isbræ has doubled (Joughin et al., 2004), causing a retreat of
the calving front (Csatho et al., 2008). Over this period, ice flow velocity has also
increased dramatically (Joughin et al., 2004; Moon et al., 2012) and the glacier has
subsequently thinned (Abdalati et al., 2001; Howat et al., 2007).
Within the catchment area of Jakobshavn Isbrae, I select a region to the north of the
glacier that has a large concentration of supraglacial lakes and remains in close
proximity to Jakobshavn. This area is bounded to the north by the 70th parallel and is
33.8 km in width (west-to-east) and 93 km in length (north-to-south), with a total area
of ~3100 km2 (Figure 1-1). This region is overlapped by three recurring Landsat-7 paths
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(008, 009, 010; row 011), optimizing the observation of melt lakes across space and
time.

Figure 1-1 The Greenland Ice Sheet (GrIS) with the Jakobshavn Ablation Region (JAR)
depicted in the red rectangle, along the western coast of the ice sheet. In the upperright is the study area (~3100 km2), using a Landsat-7 satellite image acquired on 07
July 2001.
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1.3 Aims and Objectives
The objective of this research is to elucidate a deeper understanding of the drivers that
affect the number, size, and spatial distribution of supraglacial lakes in the ablation
zone of west-central Greenland. I study supraglacial lake characteristics at spatial
scales on which they occur to identify melt lake geography and the controls on melt
lake development and intensity. To do so, I utilize remotely sensed data to generate an
inventory of supraglacial lake spatial statistics (Chapter 2). My methodology
incorporates recently introduced software to glaciological research, FoveaPro (a
Photoshop plug-in), to semi-automate supraglacial lake location and size at high
spatial resolution (15 m). My novel approach permits the time-efficient identification
and mapping of supraglacial lakes, and generates spatial statistics that aid in
interpreting changes in the supraglacial environment.
In Chapter 3, I utilize synoptic-scale atmospheric circulation indices (North
Atlantic Oscillation and Greenland Blocking) and weather station data to assess the
roles of local climate variables and circulation patterns on melt lake area across the
study region. In Chapter 4 I investigate changes in lake volume of individual
supraglacial lakes over the course of multiple melt seasons to identify the drivers of
melt lake dimensions, primarily using nearby in-situ weather data. Melt lake volume
calculations are derived from depth-reflectance algorithms that correlate in-situ depth
measurements to coincident satellite-derived reflectance. This provides for a deeper
understanding of the atmospheric controls and surface behavior of supraglacial lakes.
In Chapter 5 I summarize the results from Chapters 2 - 4 and provide the larger
implications of my work for glaciological research.
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Chapter 2
Generating a Supraglacial Melt-Lake Inventory
near Jakobshavn, West Greenland, Using a Novel
Semi-Automated Lake-Mapping Technique
Abstract
Many previous studies using remote sensing to study melt lakes along the Greenlandic
coast have involved extremely time-consuming interpretation and mapping of individual
melt lakes. I introduce a novel tool, FoveaPro (a plug-in to Adobe Photoshop), for mapping
supraglacial melt lakes in the ablation zone directly north of the fast-flowing Jakobshavn
glacier in western Greenland. FoveaPro allows the user to semi-automate supraglacial lake
mapping, making lake identification more time efficient, and allows the user to generate
more-precise spatial statistics on these lakes than current manual methods. I identify a
steep migration in mean lake elevation (7 m d-1) from the average onset of the melt season
(01 June) to peak lake periods (29 June), then leveling off to a rate of 1 m d-1 from the peak
period to the end of the melt season (23 August). There is an increase in the seasonal
maximum melt lake elevation for the 2000-2012 melt seasons studied here. Mapping lakes
using Landsat-7 imagery produces a higher number of lakes than with moderate-resolution
sensors such as MODIS, as smaller lakes (< 100,000 m2) are poorly resolved using the 250
m spatial resolution of the MODIS sensor. As a result of processing Landsat-7 imagery in
FoveaPro, melt lake circularity (C·), a variable that has not been previously quantified, is
here found to be C· ~0.49 (C· = 1.0 for a circle, C· à 0 for a linear feature), regardless of
individual melt lake size and time of year. A precise estimate of melt lake geometry,
circularity provides ice sheet modelers a more realistic representation of how surface
meltwater is stored on the ablation zone surface, and how that water is spatially distributed
within each lake. Use of FoveaPro in melt lake mapping makes analysis of the supraglacial
environment more efficient, which assists in quantifying surface melt during the melt
season, and furthers our understanding of the supraglacial response to surface warming.
Ultimately, this approach will aid in constraining the impact of meltwater production on
ice sheet hydrology.
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2.1 Introduction
When temperatures in the ablation (or melt) zone of the GrIS exceed 0º C during the
melt season (June – August), surface snow and ice melt to form a network of
hydrologic features that transport and store surface meltwater, such as supraglacial
streams (Marston, 1983; Smith et al., 2014), water-filled crevasses (Lampkin et al.,
2013) and supraglacial lakes (Lüthje et al., 2006; Box and Ski, 2007; McMillan et al.,
2007). These hydrologic features are found along the periphery of the Greenland Ice
Sheet (GrIS) at lower elevations near the coast. Supraglacial lakes are generally large
surface features (> 100,000 m2 in area) that can affect ice sheet mass loss in two ways:
slowly, as surface runoff (Hanna et al., 2008; Mernild et al., 2010), or quickly, as
episodic supraglacial lake drainage events (Das et al., 2008) through a network of
surface crevasses or moulins (Weertman, 1973; Van der Veen, 1998; Van der Veen,
2007; Parizek and Alley, 2004; Alley et al., 2005). The latter process of meltwater
transport to the bed, also known as hydrofracturing, can rapidly (e.g., in less than 2
hours) transport large volumes of water (~44 million cubic meters) through ice
thicknesses of ~1 km to the base of the ice sheet. The input of surface meltwater at the
ice-bedrock interface has been observed to cause local ice uplift (Das et al., 2008) and
enhanced ice flow (Joughin et al., 2008; Bartholomew et al., 2011).
Due to the increase in summertime melt since the mid-1990s (Fettweis et al.,
2011), supraglacial lakes are forming at higher elevations (Howat et al., 2013). An
expansion of the ablation zone exposes a larger catchment area for supraglacial lake
formation and thus an expansion in the areal extent of hydrofracturing. Occurrence of
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hydrofracturing further inland on the ice sheet likely will increase the effect of
lubrication and thus impact ice sheet mass balance and sea level rise (Parizek and
Alley, 2004). Lakes form in local basins on the ice surface, in response to ice flow over
bed topography (e.g., Joughin et al., 2013). Where a surface “bump” locally reverses
the ice-surface slope to allow lake formation, larger lakes can form for a smaller mean
ice-surface slope; thus, supraglacial lake size is modulated by the ice sheet surface
topography (Gudmundsson, 2003). There is potential for large lakes (surface area) to
form at higher elevations in the ablation zone (above 1250 m) because the surface
topography is flatter (Rae et al., 2013). However, to generate larger lakes, more melt
needs to occur, and higher elevation areas are exposed to a shorter duration of the
melt season; thus, it is reasonable to hypothesize that the largest supraglacial lakes will
form at mid-elevation (~1000-1200 m) regions of the ablation zone.
Until recently (Banwell et al., 2014), supraglacial lakes have been assumed
circular for simplicity in most modeling of the supraglacial environment (Georgiou et
al., 2009; Sundal et al., 2009; Leeson et al., 2012; Liang et al., 2012). Because melt
lake shape is modulated by the surface topography, the circularity assumption is an
oversimplification,

thus

misrepresenting

the

complexity

of

the

supraglacial

environment. A more thorough understanding of melt lake geometry can improve data
accuracy for modeling of melt lakes and their effects on ice-sheet mass balance.
Several studies over the previous decade have utilized satellite imagery to
characterize the supraglacial environment, with emphasis on the development of
supraglacial melt lakes (Lüthje et al., 2006; Box and Ski 2007; Sneed and Hamilton,
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2007; McMillan et al., 2007; Das et al., 2008; Georgiou et al., 2009; Krawczynski et
al. 2009; Sundal et al., 2009; Lampkin, 2011; Selmes et al., 2011; Sneed and
Hamilton, 2011; Bartholemew et al., 2011; Banwell et al., 2012; Leeson et al., 2012;
Liang et al., 2012; Tedesco et al., 2012; Howat et al., 2013). Analysis of remotely
sensed data provides the ability to quantify meltwater production on the surface of the
ablation zone at intra-seasonal and inter-annual time scales.

Remote Sensing and Mapping of Supraglacial Lakes
Remote sensing has become the predominant approach for the study of supraglacial
lakes, primarily through the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) (Sneed and Hamilton, 2007; 2011), the Moderate Resolution
Imaging Spectroradiometer (MODIS) (Box and Ski, 2007), and Landsat-7 Enhanced
Thematic Mapper (ETM+) (Lampkin, 2011) sensors. ASTER has a 15 m spatial
resolution and 16-day repeat cycle. ASTER imagery is used by Sneed and Hamilton
(2007, 2011) to estimate supraglacial lake depth (see Chapter 4). The limitation to
using ASTER imagery in supraglacial lake analysis is its small, 60 km swath width,
which constrains the spatial extent in selecting a study area for melt lake mapping.
MODIS imagery has been used (e.g., Box and Ski, 2007; McMillan et al., 2007;
Johansson et al., 2013) in melt lake analysis, taking advantage of MODIS’ high
temporal (sub-daily) resolution, providing for robust snapshots of a lake’s evolution
throughout the melt season. However, the highest spatial resolution image is the red
band (0.62–0.67 µm) with a 250 m native resolution. To generate a color composite
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image, that is red-green-blue (RGB), the green and blue bands have to be resampled
from their native 500 m resolution to that of the red band; differences in spatial
resolution between the red and blue and green bands are a result of the wider
bandwidth (i.e., a greater range in wavelengths, Δλ) of the red band. This makes it
challenging to map and monitor melt lakes in the ablation zone that are smaller than
0.5 km2. Landsat-7, launched in 1999, has a higher spatial resolution of 15 m in its
panchromatic band (0.52–0.90 µm). Orbiting at an elevation of 705 km, its swath
width is 185 km, much larger than the 60 km ASTER swath width. With a larger swath
width, a larger study area (with more lakes) can be selected. Similar to ASTER, the
Landsat-7 sensor has a temporal resolution of 16-days. As each sensor has its
limitations in melt lake mapping, Landsat-7 is the optimal choice for many
applications, yielding the combination of spatial and temporal characteristics to
capture the seasonal growth of individual melt lakes across the ablation zone. My
study maps melt lakes at a high spatial resolution (15 m) over a 13-year (2000–2012)
period – longer than other melt lake analyses using comparable satellite imagery.
Until recently (e.g., Liang et al., 2012; Morriss et al., 2013), the procedure for
mapping supraglacial lakes has typically been through their manual identification
(Lampkin, 2011), which is highly time consuming and limits the number of images
studied. Here, I employ a novel approach to semi-automate melt lake mapping by
importing Landsat-7 panchromatic imagery into the image-processing software,
FoveaPro (reindeergraphics.com). FoveaPro is a plug-in to Adobe Photoshop that
allows the user to create a set of criteria to extract information on specific pixels; in
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this case, by reflectance value. I am then able to analyze melt lake characteristics
based on geometry (circularity), size, and distribution across the study area. I
specifically analyze pixel reflectance information, which has been strongly correlated
to melt lake depth, using in-situ and remotely sensed data (e.g., Box and Ski, 2007).
Using FoveaPro greatly improves time efficiency and spatial accuracy in
mapping supraglacial lakes as compared to manual mapping of lakes. Visually-defined
lake perimeters can be inconsistent, because the human eye has low sensitivity to
changes in the reflectance properties in 8-bit Landsat-7 imagery, making melt lake
mapping subjective. The objective of my work is to streamline the mapping of
supraglacial melt lakes to identify patterns in their occurrence while simultaneously
removing operator subjectivity from the mapping criteria. High spatial resolution
information on melt lake location and size assists in constraining estimates on the
production of surface meltwater to aid the understanding of supraglacial melt lake
impacts on ice sheet hydrology.

2.2 Method
FoveaPro is a software package that has been applied as a cost-effective method for
bubble-counting in ice core analysis (Fegyveresi et al., 2011) and mapping of
epibenthic organisms (Beuchel et al., 2010). I introduce FoveaPro to remote sensing of
glaciers as a new method for supraglacial lake mapping. This approach allows the user
to characterize supraglacial lakes, and generates spatial statistics on their occurrence
and dominant features. I apply FoveaPro to distinguish between bare ice and
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inundated pixels to delineate melt lake perimeters, and edge-detection parameters to
extract lake boundaries by identifying abrupt spatial changes in pixel brightness for
supraglacial lakes in the ablation zone of western Greenland.

Study Area and Imagery
Jakobshavn Isbræ is a large, outlet glacier along the west-central Greenlandic coast,
and is responsible for ~7% of the ice sheet’s mass loss due to calving (Joughin et al.,
2008a), and had a mean 2000-2008 annual velocity of ~14 km per year (Sundal et al.,
2011). The area surrounding Jakobshavn, known as the Jakobshavn Ablation Region
(JAR), is a dynamic location, and ideal for the study of the abundant supply of surface
meltwater stored in supraglacial lakes in proximity to the fast-flowing glacier. I chose
the area just north of Jakobshavn Isbræ as the southwest portion of the GrIS has the
highest concentration of supraglacial lakes on the ice sheet (Howat et al., 2013), due
to its gentle slope (less than in East Greenland) and elevations lower than ~2000 m
along the first 100 km inland. I selected a 3100 km2 area within the Jakobshavn
catchment area (Figure 2-1) that has a high number of melt lakes re-appearing year after
year. This area was also selected because it is the overlapped coverage from three
Landsat-7 footprints, which maximizes the image capturing of the study area.
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Figure 2-1 The JAR study area with the high concentration of melt lakes (bounded by
the red rectangle), using a Landsat-7 satellite image acquired on 07 July 2001. This
area is located just north of the fast-flowing Jakobshavn Isbræ along the west coast of
Greenland.

I use exclusively Landsat-7 ETM+ Band 8, the panchromatic band, for melt lake
mapping. Forty-seven Landsat-7 scenes acquired during the 2000 – 2012 summer melt
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seasons are analyzed, producing an average of 4 images per season (Table 2-1). This
allows for detection of changes across the ablation zone throughout the season.

Table 2-1 Table of 47 Landsat-7 images used in this study (2000–2012). The columns:
total area, maximum lake area, mean lake area, and count, are derived using the
FoveaPro technique as explained in Chapter 2. Mean melt lake elevation data have a 1
km spatial resolution and are derived from the GLAS/ICESat DEM by DiMarzio et al.
(2007).
Year
2000
2000
2000
2000
2001
2001
2001
2001
2001
2002
2002
2002
2004
2004
2005
2005
2006
2006
2007
2007
2007
2007
2007
2007
2007

Date
25 June
04 July
05 Aug.
12 Aug.
30 June
07 July
14 July
01 Aug.
08 Aug.
17 June
01 July
02 Aug.
22 June
31 July
16 June
02 July
26 June
05 July
06 June
22 June
08 July
17 July
24 July
09 Aug.
25 Aug.

Total Area Max Area
(km2)
(km2)
6.80
0.40
27.28
1.07
22.53
1.77
33.80
2.07
23.15
1.35
30.87
1.85
40.86
2.84
40.79
3.50
40.09
3.95
31.14
1.46
42.93
2.59
22.77
5.10
33.37
2.03
21.00
3.60
16.10
1.00
14.49
0.83
7.31
0.64
9.65
0.60
2.38
0.27
37.81
2.21
35.08
3.35
27.53
4.07
16.55
3.32
11.33
2.32
7.56
1.67

Mean Area
(km2)
0.13
0.19
0.34
0.39
0.21
0.28
0.30
0.34
0.34
0.20
0.25
0.37
0.25
0.34
0.16
0.26
0.14
0.15
0.07
0.26
0.33
0.30
0.19
0.21
0.36

Count
52
140
66
87
112
111
137
121
119
155
174
61
136
61
99
55
52
64
34
143
105
92
85
54
21

Mean
Elevation (m)
812
951
1013
1050
944
1017
1056
1096
1100
997
1061
1063
1018
1081
971
1076
869
937
888
1006
1050
1103
1059
1064
1030
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2008
2008
2008
2008
2008
2009
2009
2009
2010
2010
2010
2010
2010
2011
2011
2011
2012
2012
2012
2012
2012
2012

24 June
01 July
26 July
06 Aug.
11 Aug.
18 June
29 July
14 Aug.
29 May
14 June
21 June
07 July
17 Aug.
17 June
26 June
03 July
03 June
19 June
29 June
12 July
14 July
06 Aug.

25.83
38.00
34.47
32.01
25.74
17.58
33.43
27.69
17.46
20.02
25.42
23.86
18.76
21.72
45.55
55.38
21.19
50.60
42.72
24.70
21.95
17.65

1.28
2.24
3.88
3.05
2.83
0.80
2.57
3.38
0.70
1.64
2.51
3.23
3.92
0.86
1.80
2.28
0.97
2.14
4.88
3.95
3.66
4.42

0.26
0.36
0.42
0.32
0.34
0.23
0.36
0.36
0.21
0.25
0.25
0.30
0.49
0.18
0.33
0.45
0.30
0.36
0.38
0.29
0.30
0.80

98
107
82
99
75
78
93
77
84
79
100
80
38
124
139
123
70
142
111
86
73
22

987
1019
1083
1084
1101
933
1089
1076
945
1019
1078
1110
1099
968
1082
1085
893
1078
1098
1130
1094
1121

Because the images span late-May to August, I characterize the melt season into
three temporal periods: Early, Peak, and Late lake periods (Table 2-2). The discrete
periods are characterized here based on melt lake parameters – total melt lake area
over the JAR – rather than melt production. The Early lake period is defined as
occurring between 29 May and 17 June; this period is marked by small melt lakes and
their locations are at relatively low elevation near the coast. There is a brief period
between late June and early July when total melt lake area reaches its maximum. This
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period is defined as the Peak lake period, lasting between 18 June and 02 July. During
this period, there is a rapid expansion of melt lakes across the majority of the ablation
zone, and the largest melt lake sizes and total melt lake surface areas occur across the
study area. At lower elevations, some of the supraglacial melt lakes have begun to
drain by hydrofracture or by spilling over their basins or reactivating existing moulins.
Therefore, total melt lake surface area is not directly related to surface air temperature
through the melt season. The Late lake period, when the mean temperature is highest,
is defined as 03 July and 25 August. During this period, there is a slow decrease in
total melt lake area throughout the study region due to melt lake drainage (via moulin
creation and lake spill over) and the refreezing of un-drained lakes.

Table 2-2 Classification of the melt season categorized by date – ranging from 29 May
in 2010 to 25 August in 2007. Mean temperature is calculated as the mean of the daily
temperatures during the time period indicated, as measured at the JAR-1 Greenland
Climate Network (GC-Net) station.
Begin Date

End Date

Duration

Early Season

29 May

17 June

20 days

Mean
Temperature (°C)
2.0

Peak Season

18 June

02 July

15 days

2.9

Late Season

03 July

25 August

54 days

3.3

Landsat-7 imagery is missing from the 2003 melt season due to the failure of the
Landsat-7 scan-line corrector (SLC). There are missing scan lines in the imagery for
subsequent melt seasons owing to this malfunction, but I am able to work around these
(see below) to provide measurements on melt lakes in the JAR.
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Surface air temperature (hereafter referred to as temperature) is acquired from
the Greenland Climate Network (GC-Net) JAR-1 automated weather station (AWS).
The JAR-1 station lies within the study area (69.49˚ N, 49.68˚ W) at an elevation of
962 meters above sea level. At this site, temperature data were collected for the 2000–
2012 melt seasons, with the exception of the 2008 melt season (data missing). Mean
temperature values were calculated for the three melt season periods (Early, Peak, and
Late) and also averaged for the entire melt season (Table 2-3).

Table 2-3 Surface air temperature calculated for the 2000-2012 melt seasons for the
JAR-1 station, located at 962 m elevation and within the study area. All values are in
degrees Celsius. The season is characterized between 29 May and 25 August, with the
boundaries of the Early, Peak, and Late melt periods defined as in Table 2-1.
JAR-1 Air Temperature (°C)
Year

Early

Peak

Late

Season

2000

0.30

2.97

2.58

1.95

2001

0.34

2.83

3.39

2.19

2002

2.22

2.93

2.18

2.44

2003

2.48

3.58

2.86

2.97

2004

2.20

3.28

3.16

2.88

2005

2.57

2.25

3.27

2.70

2006

0.81

1.15

2.71

1.56

2007

1.30

1.66

1.94

1.63

2009

1.54

1.69

3.33

2.19

2010

2.90

3.53

3.17

3.20

2011

4.04

4.68

6.58

5.10

2012

3.58

4.68

4.40

4.22
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Semi-Automating Supraglacial Melt Lake Detection Using
FoveaPro
Landsat-7 panchromatic images were imported into FoveaPro (Figure 2-2a) and
spatially calibrated to the satellite’s native 15-m resolution. The radiometric resolution
of the sensor is 8-bit; that is, pixels are assigned a digital number (DN) between 0
(corresponding to black) and 255 (corresponding to white). To discriminate between
inundated (e.g., lake) and non-inundated pixels (e.g., non-lake) pixels, I identified a
common DN = 70 for multiple lake boundaries over multiple images. Therefore,
values less than 70 were classified as ‘inundated’ or lake-filled, while all other pixels
were non-lake filled (set to white), leaving the image as either non-filled (white) or
lake-filled pixels (shade of dark), and resulting in binary rasters of 0 (black/inundated)
or 255 (white/non-inundated) (Figure 2-2b). I then overlaid the FoveaPro-derived
images onto the contemporary manual delineation images and, in a GIS system,
visually inspected for differences. I observed that the FoveaPro algorithms are more
sensitive to the smaller changes in 8-bit pixel brightness than the human observer,
which led to more consistent delineation of melt lakes throughout the study area.
FoveaPro first reads the binary raster from the processed Landsat imagery. The
output then clusters the black pixels surrounded by background pixels (non-black),
labeling the group of pixels as a single feature. In a number of scenes, thin cirrus and
cirrostratus clouds, or extremely dark ice surface facies, are classified as supraglacial
lakes, as they have similar reflectance values. I visually identify whether the pixels are
thin clouds or dark ice surface facies, and manually remove features that are
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misclassified as melt lakes. I also remove features smaller than 100 pixels, that is,
225,000 m2, to ensure that other (smaller) surface features such as moulins or saturated
crevasses are not analyzed. Small surface meltwater features (including supraglacial
lakes) are composed of fewer pixels; therefore, any misclassification of individual
pixels within the feature as being inundated or not affects the overall lake area
measurement.
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Figure 2-2 The study area from a Landsat-7 image a) acquired on 8 July, 2007 and b)
same region after application of the FoveaPro algorithms to identify and generate lake
boundaries and individual lake statistics.
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Melt Lake Circularity
Circularity (C·) quantifies how circular, or round, a feature is; in this case, a
supraglacial melt lake. Previously, it has typically been assumed (for melt lake
modeling simplicity) that supraglacial melt lakes are circular. However, examination of
Figure 2-2 shows clearly that the lakes are not circular.

A more precise

characterization in melt lake roundness would allow modelers a more realistic
representation of how surface melt is stored on the ablation zone surface, and how the
meltwater is spatially distributed within each lake. Here I define circularity as follows:
Circularity (C·) = 4A

(2.1)

2

πL
where A is the area of the lake (in square meters) and L is the longest straight line
between two points within the feature (meters). Circularity is measured as a degree of
roundness, with values ranging between 0.0 and 1.0. A circularity value of C· = 1.0
represents a perfect circle, and the degree of circularity decreases, with a minimum of
zero.

Failure of Landsat-7 Scan-line Corrector
On 31 May 2003, there was a failure of the scan-line corrector on board the Landsat-7
satellite, causing subsequent images to have a set of dropped scan lines throughout
each scene (Figure 2-3a). To alleviate this issue I implemented a fill-in tool in
Photoshop to connect lakes that have been bisected by the missing scan-lines (Figure
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2-3b). The dropped scan lines are sufficiently narrow compared to the target lakes that
identification of the lakes is not greatly compromised, as shown by inspection of Figure
2-3. Not performing this work-around would split many lakes into two or more

separate features, biasing the results to have more and smaller lakes than actually
occur.

Figure 2-3 a) A Landsat-7 view of the ablation zone on 24 July, 2007. The missing scan
lines are due to the failure of the on-board scan-line corrector. b) The same location
after being processed through Photoshop, removing the scan lines and merging
separated features to calculate melt lake characteristics.

The statistical data obtained from running the lake-extraction routine on the
scan-line-corrected images were then imported into a GIS, and projected in the native
Mercator projection of the Landsat-7 sensor (UTM 22N). The data were plotted as
points, superimposed on the original Landat-7 scene from which the data were
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extracted. I extracted elevation data on these lakes from a digital elevation model
(DEM) that was collected from the Geoscience Laser Altimeter System (GLAS)
instrument on the Ice, Cloud, and Land Elevation Satellite (ICESat), by DiMarzio et al.
(2007). Although spatial resolution of the DEM is coarser (1 km) than the Landsat-7
sensor (15 m), the objective is to map the elevation of the lake as a single point rather
than mapping the lake basin. Additionally, the average lake area size (0.8 km2) is
comparable to a single GLAS/ICESat DEM pixel.

2.3 Results
Melt Lake Area
Melt lake area is an indicator of the amount of meltwater stored on the JAR surface.
The average melt lake surface area for the 13-year study period is 0.29 km2. This is
smaller than the measurement by Selmes et al. (2011), who identified a mean lake area
of 0.56 km2 in their study utilizing MODIS imagery to map melt lakes across the
southwest portion of the GrIS, which includes multiple, dynamically varying (e.g., by
latitude, topographic conditions) glacier basins. Additionally, the coarser spatial
resolution of MODIS does not fully resolve smaller lakes, skewing melt lake
measurements to preferentially mapping larger melt lakes.
There is a rapid increase over time during each summer in the size of the
maximum lake observed in the Landsat-7 scenes, at an average rate of 0.03 km2 per
day (Figure 2-4). To form a large lake (surface area), there must be an energy supply to

27
generate meltwater (temperatures above the melting point), and a relatively flat lake
basin for the meltwater to collect and form the melt lake. At the ice sheet margins, a
steeper surface slope prevents the formation of larger lakes. As the 0-degree isotherm
migrates to higher elevation through the melt season, the flatter surfaces at these
locations make it possible for larger lakes to form. The slope of the multi-year average
represents the change from steeper topography (and smaller lake areas) during the
onset of the melt season (early June) to less-steep topography (and larger lake areas)
during the months of July and August.
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Figure 2-4 Maximum melt lake size, from melt season onset to peak lake period,
during the 2000 – 2012 melt seasons.

A linear correlation analysis was performed, and no evidence is found to
support a statistically significant relationship at the p < 0.05 level between higher
temperature (during any period of melt season) and the appearance of large melt lake
areas in the study area (Appendix A). For example, during the 2007 melt season, the
maximum lake size is 4.06 km2 (occurring on 17 July), which is the fourth-largest lake
size identified during the entire melt period. However, the seasonal mean temperature
(as recorded at the JAR-1 station) was 1.63˚ C, which was 1.12˚ C below the 13-year
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mean (2.75˚ C). Conversely, the 2005 early melt period was the fourth-warmest (2.57˚
C), yet at no time during the entire melt season was a melt lake produced that
exceeded 0.9 km2 in surface area. As a result, the lack of a statistically significant
relationship between maximum individual melt lake area and temperature suggests
that a more influential component to melt lake size may be the surface topography.
In general, surface topography at higher elevations of the Greenland Ice Sheet
(GrIS) is flatter due to dynamic and mass balance processes. The ice sheet margin has a
steeper slope and therefore larger lakes can form at higher elevations. In other words,
as higher ice-sheet elevations tend to have flatter surfaces, the largest lakes are
expected to be located above 1000 m. In this study, for 36 out of the 37 scenes whose
largest lake is greater than 1.0 km2, none of these lakes is below the 1050 m elevation
(Figure 2-5). As lake size increases, there is a non-linear relationship between the
maximum lake size and elevation, suggesting that ~1300 m elevation is optimal for
melt lake size. This is despite the fact that lakes at lower elevations experience higher
temperature, and lakes at higher elevation are located on flatter surfaces. In addition to
steeper topography at lower elevation, the abundance of meltwater and extensional
stress regime would favor melt lake drainage. In conclusion, I did not find support for
the relationship between temperature and maximum lake size, but the above-discussed
evidence suggests that the surface topography impacts melt lake size.
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Figure 2-5 Elevation of the largest melt lake located in each of the Landsat-7 images
between 2000-2012.

Melt Lake Frequency
There is substantial variability in the number of lakes present during the melt season
and among individual melt seasons. There is a seasonal trend in the number of melt
lakes, where a rapid increase in melt lakes occurs during the Early and Peak lake
periods (29 May – 02 July) at a rate of 0.8 lakes per day. Then, during the Late lake
period, the number of melt lakes decreases at a similar rate of 1.1 lakes per day (Figure
2-6). During the Peak lake period, melt lakes at lower elevations begin to drain,
decreasing the number of melt lakes in the ablation zone. The drains of these lakes
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remain open to remove subsequent meltwater; thus efficiently transferring surface melt
directly into the englacial environment.

Figure 2-6 Number of mapped melt lakes during the 2000 - 2012 melt seasons.

The highest number of melt lakes occurred on 01 July 2002, with 174 lakes
during the Peak lake period. The minimum number of lakes was 21, on 25 August
2007, during the Late lake period. Although melt years with higher lake counts
coincide with higher temperatures, there is no statistically significant relationship
between the number of lakes during any portion of the melt season (Early, Peak, and
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Late lake periods) and its corresponding temperature. The weak relationship between
the number of melt lakes and air temperature suggests that the melt lake count in the
ablation zone is more strongly controlled by other mechanisms, such as the variability
in the local surface topography and the routing of surface melt to individual surface
undulations. However, the effect of surface topography and water routing is not further
discussed in this chapter, as the primary purpose here is to demonstrate the application
of FoveaPro for efficient melt lake mapping

Patterns of Melt Lake Elevation Change
There is a rapid increase in the mean elevation of melt lakes during the Early-Peak lake
periods of 3.7 m/day, and a subsequent reduction to 1.6 m d-1 during the Late lake
period (Figure 2-7). During the initial month of the melt season (late-May to late-June)
the lower elevations of the ablation zone are exposed to temperatures above 0˚ C
(Table 2-3). As a result, wintertime snow is melted, and fills in the melt lake basins. As
the melt season progresses, this process of lake basin filling migrates with the zerodegree isotherm to higher elevations, and higher-elevation melt lakes are formed.
During the Late lake period, there is an elevation maximum in melt lake formation,
which, when coupled with the drainage of melt lakes at lower elevations, moves the
mean melt lake elevation to ~1100 m.
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Figure 2-7 Mean melt lake elevation during the dates of the 47 acquired Landsat-7
scenes.

Because there is inter-annual variability in the migration of melt lakes to higher
elevations (Figure 2-7), I computed the seasonal maximum average melt lake elevation
(MAME) to identify whether there is a trend in these melt lake elevations over the study
period (Figure 2-8). There is a statistically significant linear relationship (r = 0.71)
between seasonal MAME and date, such that the highest average melt lake elevation
increases at a rate of 3.8 ma-1, or 50 m using the regression line during the study
period. The migration of the seasonal MAME to higher elevations coincides with the
increased temperature over this period. As higher elevations increase away from the
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coast, a migration in the seasonal MAME shows a spatial expansion of the ablation
zone during this period.
The outlier in Figure 2-8 is the 2006 melt season (occurring on 05 July) has a
MAME of 937 m, and is 140 m below the 12-year mean. During this period, the mean
temperature at the JAR-1 weather station is 0.81° C, which is 1.21° C lower than the
12-year mean for this period. Therefore, the lower temperature during the 2006 melt
season resulted in less available energy to produce abundant surface meltwater at
higher elevations in the ablation zone, thus limiting the expansion of melt lakes to
higher elevation as indicated by the outlier.
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Figure 2-8 Seasonal maximum average melt lake elevation (MAME) for the 2000-2012
melt seasons. The blue dots represent the date with the highest average elevation
identified for each melt season, and the black dashed line represents the best-fit line.
The anomalous 2006 MAME (937 m) corresponds to the temperature recorded at JAR1 during the Early lake period (0.81˚ C).

Melt Lake Circularity (C·)
To more precisely characterize melt lake geometry, the circularity (C·) was calculated
for all lakes during the study period. The frequency distribution of C· was plotted for
Small, Medium, and Large lakes. I found that, regardless of melt lake size and timing of
the melt season (i.e., Early, Peak, or Late), melt lake C· is normally distributed around a
mean C· of ~ 0.49 (Table 2-4). Based on the results, the shapes of melt lakes across the
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ablation zone tend to be more elliptical than circular. For an ellipse with a major (a)
!!"#

and minor (b) axis, Equation 2.1 can be re-written as 𝐶 ∙  =    !  (!!)! , and can be further
!

reduced to 𝐶 ∙  =    !  . A value of 𝐶 ∙ ~0.49 means that the major axis (a) is approximately
twice the minor axis (b). The preference for lake geometry to be elliptical suggests a
possible relationship to basal topography, that is, the effect of basal drag on surface
topography.

Table 2-4 Measured melt lake circularity for all lakes during the study period, further
classified by lake size.
Lake Size

Area Range

Mean Circularity (C·)

Small

0.1 – 1.0 km2

0.49

Medium

1.1 – 2.5 km2

0.45

Large

2.6 – 5.1 km2

0.51

To conclude, FoveaPro can be successfully used to determine melt lake characteristics,
including lake size, lake number, distribution across the ablation zone, and melt lake
circularity. The next section compares FoveaPro-derived results between Landsat-7
and MODIS imagery and discusses the advantages of using the higher-resolution
sensor.
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Comparison with MODIS Imagery
For the study period, the average lake size is 0.29 km2, which is smaller than the mean
lake size measured by Selmes et al. (2011) of 0.56 km2. Differences in the maximum
melt lake area can be attributed to differences in spatial resolution of the sensors used
(Landsat-7 and MODIS). As MODIS imagery is much coarser than Landsat-7, melt lake
perimeters are not fully resolved, leading to false classification of adjacent pixels and
an overestimation (relative to Landsat-7) of the size of an individual melt lake.
Although the same logic can be applied to Landsat-7 imagery, the pixel size is much
smaller, making the area that is misclassified significantly less (one pixel = 225 m2).
Because melt lake average size in this portion of the ablation zone is 0.29 km2,
roughly equivalent to five MODIS pixels, melt lake analyses using coarser imagery
(e.g., MODIS) will generate skewed melt lake statistics favoring larger lakes.
Additionally, coarser imagery prevents the generation of higher-precision information
on melt lake geometry gained through the use of FoveaPro. To highlight the effects of
spatial resolution on this melt lake analysis, I process MODIS imagery using the same
FoveaPro format (Section 2.2) and compare the statistical output generated from the
two sensors on one scene (Figure 2-9).
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Figure 2-9 Results of the FoveaPro procedure compared between a) Landsat-7, and b)
MODIS, for image date 03 July 2011.
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The image date for the comparison is 03 July 2011. For the Landsat-7 scene
(Figure 2-9a), the spatial resolution is 15 m, and has a tolerance (or threshold) of DN =
40 for the FoveaPro technique used earlier in this study; that is, all pixels with a DN
lower than 40 are classified as inundated. There were a total of 123 lakes identified,
with a total area of 55.38 km2, and the average lake size was 0.35 km2. When applying
a similar threshold to the MODIS image (DN=45) (because it had an equivalent
radiometric resolution), only 32 lakes were identified with a total area of 18.19 km2,
and a mean lake area of 0.56 km2. I found that MODIS imagery is highly sensitive to
the FoveaPro procedures, such that an increase in the threshold to DN=50 produced a
total of 30 lakes, for a total area of 38.70 km2 and mean lake area of 1.17 km2. The
largest sensitivity to any of the changes in the parameters was the spatial resolution of
the MODIS scenes; when one pixel is classified as inundated, it adds to the size of the
lake (or feature) by 0.062 km2. Because the mean lake area measured using Landsat-7
imagery is smaller than mean lake area measured using MODIS imagery, the use of
Landsat-7 imagery is optimal for melt lake mapping. Spatial resolution heavily
influences melt-lake mapping results, specifically of surface area. More accurate
measurements on melt lake area (derived from lake mapping) provide tighter
parameters on the amount of meltwater that can enter the englacial system.

2.4 Conclusion
High spatial resolution Landsat-7 imagery was processed in FoveaPro for the 20002012 melt seasons to determine statistics on the distribution and sizes of supraglacial
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lakes in the JAR. Melt lake mapping is important for quantifying the production of
surface meltwater in the ablation zone of the GrIS, as melt-lake drainage contributes to
continued ice sheet mass loss. FoveaPro is proven to not only be a more time-efficient
method for melt lake mapping, but also shows that additional characteristics on meltlakes not previously studied can be analyzed (e.g., melt lake roundness). Although
previous studies have avoided using Landsat-7 imagery due to the malfunction of the
scan-line corrector, methods shown here allow for the measurement of melt lake area
despite the scan-line corrector malfunction. Selection of the Landsat-7 imaging sensor
is optimal for melt lake mapping because melt lakes can be mapped with high spatial
precision, high enough to capture individual lake geometry (circularity) across the
ablation zone. The method for semi-automating melt lake mapping during this
thirteen-year period has improved our understanding of the spatial characteristics of
melt-lakes in the study area.
During the study period, the seasonal highest mean melt lake elevation
increased at a rate of 3.8 ma-1, coinciding with warming in Greenland, and indicates
an extension of the ablation zone. In a scenario of continued climate warming (which
is expected), a greater surface area will be exposed to the formation of melt lakes. This
expansion of melt lakes across the ice sheet surface will increase the exposure of a
larger area with the propensity of melt lakes to hydrofracture.
I identified only weak relationships between melt lake characteristics across the
ablation zone, such as count, total melt lake area, and mean melt lake elevation, to
various surface temperature time periods (Early, Peak, Late melt periods, and seasonal
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mean). Although temperature is a driver for meltwater production, I conclude that
mechanisms related to the surface topography more strongly modulate the spatial
pattern of supraglacial melt lakes in the ablation zone, such as the size and number of
lakes.
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Chapter 3
Supraglacial Melt Lakes’ Relationships to Local
Climate and Atmospheric Circulation Variations

Abstract
The peak surface melt period (PMP, 18 June – 03 July) along the west-central
Greenland ablation zone represents a period of maximum melt lake occurrence. This
study combines synoptic-scale atmospheric and automatic weather station data to
assess the roles of local climate variables and circulation patterns on total melt lake
area in the Jakobshavn Ablation Region (JAR). Synoptic atmospheric indices such as the
North Atlantic Oscillation (NAOI) and Greenland Blocking (GBI) are used to determine
the circulation patterns accompanying the 2000–2012 PMP. I find a statistically
significant negative correlation of r = -0.64 between the NAOI and melt lake area over
the Jakobshavn Ablation Region (JAR). Automatic weather station data from the
Greenland Climate Network are used to further describe the relationship between local
climate variables and processes accompanying high and low melt periods. Two surface
climate parameters have a strong combined effect on melt lake area in the JAR; June
mean temperature and May mean incoming shortwave radiation receipt (r2 = 0.91).
The importance of May shortwave radiation is that incorporation of this variable into a
regression equation provides predictability of total melt lake area over the study area in
late June. On synoptic scales, June months classified as high melt correspond to midtropospheric ridging and warm air advection, while low melt years are associated with
the presence of a trough and cold air advection. A localized feature found to be
prevalent during high melt years are piteraq winds, which are pressure-driven winds
that advect air downslope, providing additional warming to the JAR due to adiabatic
compression. Identifying atmospheric controls at both local and synoptic scales on
supraglacial lake area variability should better constrain the atmosphere’s impact on
ice sheet hydrology and the ice sheet’s contribution to sea level rise.
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3.1 Introduction
Supraglacial melt lakes form during the summer melt season (May-August) along
the margins of the Greenland Ice sheet (GrIS) (e. g., Lüthje et al., 2006; Box and
Ski, 2007; McMillan et al., 2007; Sundal et al., 2009; Liang et al., 2012). Surface
air temperatures above 0˚C melt wintertime snow, exposing the bare ice and filling
in topographic basins with the snowpack-derived meltwater (Echelmeyer et al.,
1991; Lüthje, et al., 2006). Supraglacial melt lakes form in the ablation zone,
which is the elevation zone on the ice sheet periphery where summertime melt
exceeds wintertime snow accumulation. In recent years, melt lakes have been
observed to form as far north as the Ryder Glacier catchment area (~80.50˚ N)
(Sundal et al., 2009). Melt lakes play a significant role in ice sheet hydrology as
they have the propensity to drain during discrete multi-hour events, lubricating the
bed, which may provide the mechanism for the observed acceleration of ice flow
during the summer months (Zwally et al., 2002; Rignot and Kanatgaratnam, 2006;
Joughin et al., 2008; van de Wal et al., 2008). In terms of climate, it has even been
suggested that glacial meltwater may provide trace elements (e.g., iron) to the polar
ocean, possibly increasing phytoplankton abundance, which acts as a potential
sink of CO2 (Hawkings et al., 2014). Understanding the atmospheric drivers of melt
lake formation will provide better constraints on ice sheet hydrology, which can
have large implications for anticipated rates of global sea level rise (Alley et al.,
2005).
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The primary climate drivers of surface melt in the GrIS ablation zone are
surface air temperature (e.g., van den Broeke et al., 2008) and solar radiation
surface receipt (e.g., Box et al., 2012). Although temperature and solar radiation
have been linked to surface meltwater production they are strongly modulated by
synoptic scale circulation patterns, such as those comprising the North Atlantic
Oscillation

(NAO)

(Box,

2002)

and

Greenland

Blocking

index

(GBI)

teleconnections (Rimbu and Lohmann, 2011). As a result of the existing
relationships explained above, I seek to determine if synoptic-scale circulation may
directly control the production of surface meltwater on the GrIS ablation zone.
Here, I determine the atmospheric influence on supraglacial melt lake area
during the peak periods of melt. The melt season is parameterized by the
availability of Landsat-7 imagery with observable melt lakes over the study area (29
May – 25 August). There is a brief period (~15 days) between late June and early
July when the total melt lake area (that is, the sum of all melt lakes areas across the
study area), on average, reaches its maximum (Chapter 2). For this purpose, the
melt season is categorized into three stages: Early, Peak, and Late lake periods, ELP
(29 May – 17 June), PLP (18 June – 02 July), and LLP (03 July – 25 August),
respectively (Table 2-2). During the ELP, melt lakes begin to form, primarily at
lower elevations of the ablation zone (Howat et al., 2013). During the PLP, melt
lakes form throughout the ablation zone, and they typically reach their maximum
areal extent (Sundal et al., 2009; Chapter 2). Some supraglacial lakes –
predominantly those located at lower elevations – begin to drain by either over-
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filling their basin (e.g., Hanna et al., 2008), or by rapid drainage through
hydrofracture (e.g., Das et al., 2008); that is, drainage via crack propagation
through the ice column. Melt lakes that do not drain ultimately refreeze during the
down ice-slope migration of the 0˚C isotherm at the end of the melt season, or LLP
(Selmes et al., 2011). For this reason, the study period selected is the PLP as it
represents the optimal conditions in melt lake maximum number and size over a
large extent of the ablation zone during the melt season to show possible
associations with climate.
Meteorological variables (e.g., surface temperature, solar radiation surface
receipt) are utilized in the analysis to identify their impact on observed melt lake
patterns of size and distribution. The primary objective of this study is to identify
relationships between large-scale atmospheric patterns of variability, such as the
NAO and GB, and local climate variables (surface temperature, solar radiation,
atmospheric pressure, and wind speed and direction), to total melt lake area during
the PLP, as this period coincides with the highest maximum total melt lake area in
the ablation zone.

3.2 Atmospheric Variability and the North Atlantic
Atmospheric modal variability can be described as a set of persistent patterns
between two or more widely spatially separated locations that are highly correlated
to one another, or teleconnections (Barnston and Livezey, 1987). Two dominant
modes of atmospheric variability evaluated for their associations with melt-lake
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area are the NAO and GB; both patterns that greatly influence surface ice and
climate conditions throughout Greenland and the North Atlantic basin (northward
of 20˚ N) (e.g., Barlow et al., 1997; Hanna et al., 2012). There is an interassociation between the NAO and GB as they are both modulated by the presence
of anomalous high pressure between Iceland and Southern Greenland, one of their
respective extreme modes. Although the two teleconnections are linked by the
pressure anomalies associated with the sub-polar low, the NAO is associated with
the positioning and intensity of the jet stream over the mid-latitude regions of the
North Atlantic, whereas Greenland Blocking is linked to anti-cyclonic circulation
centered over the GrIS.

The North Atlantic Oscillation (NAO)
The NAO is defined as the pressure gradient anomalies between the Azores subtropical High and the semi-permanent Icelandic sub-polar Low (Visbeck et al.,
2001), resulting in two mean modes of atmospheric circulation (NAO+ and NAO-).
During NAO+, warm air advection into Greenland is inhibited due to the persistent
zonal flow (west-to-east), generating lower temperature conditions north of the
polar jet (Fettweis, 2007). During NAO–, warm air is advected onto the GrIS
(Carleton, 1988; Thompson and Wallace, 1998; Trigo et al., 2004), producing
higher rates of surface melt (Fettweis et al., 2013). Although high and low melt
years have been associated with the NAO– (Tedesco et al., 2013) and NAO+
(Solomon et al., 2007) modes, respectively, what remains unknown is the direct
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response in melt lake area over the JAR to NAO-related circulation and its
manifestation in climate variables measured at small scales in the JAR.

Greenland Blocking
Atmospheric blocking results from a persistent (> 5 days) anti-cyclonic circulation
pattern that interrupts the zonal flow at preferred locations in the northern midlatitudes, forcing airflow to become meridional (Rex, 1950). The predominant
pattern associated with Greenland Blocking (GB) is the formation of a ridge over
Greenland. The frequency of blocking events over Greenland has been observed to
vary according to mode of NAO, whereby a higher frequency of blocking
corresponds to NAO– (Woolings et al., 2010). In this work, I aim to relate the
synoptic scale patterns associated with GB (i.e., ridging) to explain surface
meltwater production variability over the study area.

3.3 Study Area
The ablation zone along the western edge of the GrIS has a relatively gentle slope
over the outermost ~100 km as compared to the ice sheet’s eastern margin (Sundal
et al., 2009). Due to the relatively flat surface topography along the western flank,
there is a high concentration of supraglacial lakes that form in the same location
over multiple years (Howat et al., 2013). I select for study an area of the ablation
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zone in western Greenland, the Jakobshavn Ablation Region (JAR), which lies
directly north of Jakobshavn Isbræ (located at ~69.15˚ N), Greenland’s largest and
fastest flowing outlet glacier (Figure 3-1). The study area is a 30 km swath from
69.25˚ - 70.10˚ N, with a total area of ~3100 km2. Additionally, within the study
area there is an automated weather station, JAR-1, that collects meteorological data
over the 2000–2012 study period. The combination of a high concentration of
supraglacial lakes and the availability of in-situ weather data make the study area
optimal for the analysis of climatic associations with melt-lake area over the 2000–
2012 study period.
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Figure 3-1 A Landsat-7 image (07 July, 2001) of the study area, known as the
Jakobshavn Ablation Region (within red box). The study area is north of Jakobshavn
Isbræ (red dashed arrow) in west-central Greenland. Within the study region is an
automated weather station, JAR-1, at an elevation of 962 m above sea level that is part
of the Greenland Climate Network.
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3.4 Data and Methods
I use four datasets to assess the relationships between synoptic-scale atmospheric
circulation patterns and local-scale climate and supraglacial melt lake area in the JAR.
These datasets are: 1) Landsat-7 satellite imagery, 2) Climate Prediction Center (CPC)
data on the NAO Index, 3) NCEP/NCAR reanalysis data on 500 mb geopotential
heights (to calculate the frequency of Greenland Blocking) and other free atmosphere
circulation variables, and 4) in-situ meteorological data collected at the JAR-1
automated weather station.

Remotely-Sensed Data
Satellite imagery during the PLP (19 June through 03 July) for the 2000–2012 melt
seasons is acquired from the Landsat-7 Enhanced Thematic Mapper Plus (ETM+).
Landsat-7, launched in 1999, has a 16-day temporal resolution and a 15 m spatial
resolution in the panchromatic band (band 8), ranging from 0.52 – 0.90 µm
wavelengths. The length of the PLP (15 days) is parameterized by both the average
maximum total melt-lake area during the melt season and the temporal resolution of
the Landsat-7 satellite (orbiting period of 16 days). For instance, if the duration of the
PLP were to be extended to greater than the Landsat-7 orbiting period, more than one
Landsat-7 image for that particular melt season may be available. As a result of the
availability of multiple images, it would force the user to select a particular image over
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another, possibly generating a bias in melt area calculation solely due to the user’s
image selection.
Two melt lake parameters, which are highly inter-correlated to each other, are
selected for this study to represent the amount of surface meltwater stored on the
ablation zone surface during the study period: melt lake area and melt lake count (r =
0.85) (Table 3-1). Both melt lake parameters were computed using the FoveaPro
methodology for semi-automating melt lake mapping explained in Chapter 2. In this
study, I use correlation analysis between these melt lake parameters to automatic
weather station and synoptic-scale atmospheric variables to identify the roles of local
climate and synoptic circulation patterns on surface melt in the ablation zone during
the peak melt period (PLP: 18 June – 03 July). Results of the correlation analysis reveal
that, for most variables, there is no statistically significant correlation to melt lake
count (Appendix B). As a result, melt lake area is the primary melt lake parameter used
in this study as there are several climate variables for which correlation to melt lake
area is statistically significant.
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Table 3-1 Landsat-7 dataset of cloud-free imagery acquired during the 2000 – 2012
Peak Lake Period (PLP). Area values are the sum of melt lake areas identified using the
FoveaPro methodology presented in Chapter 2.
Year
2000

Day
June 25

Area (km2)
6.8

Lake Count
52

2001

June 30

23.1

112

2002

July 01

50.6

142

2004

June 22

33.4

136

2005

July 02

24.7

86

2006

June 26

7.3

52

2007

June 22

37.8

143

2008

July 01

38.0

107

2009

June 18

17.6

78

2010

June 21

25.4

100

2011

July 03

55.4

123

2012

June 19

50.6

142

Weather Station Data
The meteorological data used in this study comes from the JAR-1 automated weather
station (AWS) that is part of the Greenland Climate Network (GC-Net). The weather
station is located at 69.49˚ N, 49.68˚ W and 962 m above sea level (Steffen and Box,
2001). Hourly data were collected on four atmospheric variables: surface air
temperature, surface air pressure, solar radiation surface receipt (incoming (SWD),
outgoing (SWU), and net radiation (RNet)), and wind vector (direction and speed). I then
compiled the hourly data to generate daily means for 01 May–31 August, 2000–2012.
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I ran a linear correlation analysis on each atmospheric variable to melt lake
area for the study area (a table of correlations for all variables is provided in Appendix
C). The atmospheric data were compiled into 8-day, 16-day, and monthly means.
Since the results of the correlation analysis indicate that the strongest correlations to
melt lake area are the monthly mean values, only these results are discussed in this
chapter. Additionally, I ran a partial correlation analysis on variables that were
identified to have a high coefficient of determination on their own. The partial
correlation coefficient measures the relationship between two variables, an
independent variable (e.g., June temperature), and a dependent variable (in this study,
melt lake area), while controlling for the influence of an additional independent
variable (e.g., May SWD). For example, if a high partial correlation between the two
independent variables (June temperature and May SWD) to the dependent variable
(melt lake area) is found, this would suggest that surface melt is most sensitive to their
combined effect.

Surface Air Temperature
Daily mean surface air temperatures (hereafter, temperatures) were computed from the
hourly data collected from the GC-Net dataset at the JAR-1 weather station.
Temperature data were correlated between the JAR-1 station and both JAR-2 (r = 0.88,
p < 0.05), and Swiss Camp (r = 0.98, p < 0.05) stations to identify and remove spurious
temperature values, and to fill in missing station data with data from the other two
AWS. For dates when JAR-1 data were missing, temperature data from the JAR-2 and
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Swiss Camp stations were interpolated to derive a daily mean temperature for the JAR1 station. The JAR-1 data, including the interpolated values, were used to calculate
study-region monthly mean temperatures for May and June (Figure 3-2). Mean monthly
surface temperature values were calculated at the JAR-1 station. Due to constraints on
missing data at each station, monthly means for each variable were computed only if
the number of missing days’ data were less than 7 (~25% of the month). For the JAR-1
weather station, this resulted in exclusion of monthly mean May values for: 2001,
2008, 2009, 2011, and 2012. As a result, these were the times that data from the JAR-2
and Swiss Camp stations were used.

Mean Monthly temperature (C)

4.0
June

2.0
0.0

May

-2.0
-4.0
-6.0
-8.0
-10.0
2000

2002

2004

2006

2008

2010

2012

Figure 3-2 Monthly mean May (blue dots) and June (red dots) surface temperature for
2000 – 2012, at the JAR-1 weather station (69.49˚ N, 49.68˚ W).
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North Atlantic Oscillation Index (NAOI) Data
I collected monthly anomaly data (March–June) on the NAOI for the 2000–2012
period from the Climate Prediction Center (http://www.cpc.ncep.noaa.gov/). NAOI
values (available from January 1950) represent standardized monthly 500 mb height
anomalies, based on a 1950–2000 climatology (calculated by the Climate Prediction
Center) for the Atlantic basin north of 20˚ N. The data were compiled as monthly and
multi-month means (e.g., March–June, April–June, and May–June) to check on the
stability (seasonal vs. monthly) of the NAO, and to identify possible patterns between
melt lake area during the PLP and NAOI values in prior months. If strong relationships
between melt lake area and NAOI from previous months are identified, the NAOI
metric may beneficial in the prediction of melt lake area magnitude up to several
months in advance.
A subset (1981–2010) of the NAOI dataset was collected to generate a 30-year
climatology. One quarter of the 2000–2012 dataset (June NAOI for 2006, 2007, and
2008) are within 1σ, and the June 2012 NAOI is 2σ from the 1981–2010 climatology
(Figure 3-3). The prevalence of the NAO- mode since 2006 leads to the hypothesis
that, during this period, a significantly higher surface meltwater production (that is,
melt lake area totals) will occur within the study region because NAO- modes depict
increased meridionality of the atmospheric circulation, and potential blocking, over
the Greenland region.

59

Figure 3-3 June NAO Index values during the 2000 – 2012 melt seasons using data
provided by the Climate Prediction Center. Red bars represent June values when the
NAOI is negative, and blue bars represent June values when the NAOI is positive.

NCEP/NCAR Reanalysis Data
For determining the synoptic circulation patterns accompanying the range in melt lake
area data during the study period, 500 mb geopotential height (Z500) data are
collected from the National Centers for Environmental Prediction and National Center
for Atmospheric Research (NCEP/NCAR) Reanalysis dataset (Kalnay et al., 1996) for the
months of May and June, during the 2000–2012 study period. The data are provided at
grid cells of 2.5° latitude by 2.5° longitude at daily intervals. The Z500 is the elevation
above sea level (measured in meters) where the atmospheric pressure is 500 mb;
higher Z500 values correspond to warmer air and upper-level ridging, while lower
Z500 values correspond to cooler, denser air, and either zonal flow or troughing.
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I utilize data on these nine cells to determine if Z500 data over the study area
scales up to accurately represent mid-tropospheric synoptic scale circulation (e.g.,
ridging identified at Z500). The first analysis of the NCEP/NCAR data is on the 2.5° by
2.5° cell that lies directly over the study area (centered on the JAR-1 weather station)
and each neighboring cell, for a total of nine cells ranging from 65.0°–72.5° N and
52.5°–45.0° W. May and June mean values are computed as the monthly mean of the
nine cells for 2000–2012 (Table 3-2) and are linearly correlated to melt lake area, to
identify potential impacts of mid-tropospheric ridging on surface melt lake area during
the PLP.

Table 3-2 500 mb Geopotential height anomalies from the 1981 – 2010 climatology
(meters above sea level), averaged from NCEP/NCAR Reanalysis data for nine cells that
range from 65.0°–72.5° N and 52.5°–45.0° W., enclosing the study area. Data are
monthly mean values for May and June for the 2000 - 2012 melt seasons. Positive and
negative values are associated with ridging and troughing, respectively.
Year

May

June

2000

-22

8

2001

-10

8

2002

4

14

2003

-11

17

2004

-8

8

2005

0

29

2006

-18

9

2007

-4

29

2008

-6

8

2009

-5

22

2010

7

17

2011

-8

29

2012

-3

23
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Additionally, I seek to implement the methodology of Scherrer et al. (2006) to
represent patterns associated with Greenland Blocking as an index. For this reason, the
second analysis on NCEP/NCAR data on Z500 was used to calculate and sum up the
number of Instantaneous Blocking (IB) days occurring in June. The data consist of a
15°-wide swath, whose western boundary is at 40.0° W, and ranges from 54.5–84.5°
N, for a total of 108 cells. To calculate daily IB values, three cells are considered: the
center cell (at 69.5°) and a northern and southern cell, each being a distance 15°
latitude from the center cell of the study area. The three cells used to calculate IB days
represent a meridional extent of 30° latitude that is sufficiently large to resolve the
amplitude associated with mid-tropospheric ridging.
To determine whether a particular day qualifies as IB, the Scherrer et al. (2006)
methodology is used, which calculates the meridional gradient in the geopotential
height between the center cell and the two boundary cells defined above. The IB term
calculates if there is a reversal in the meridional gradient, such that, to the south,
winds are westerly, and north of the area, winds are easterly. Days classified as IB
indicate the presence of an upper level high and clockwise rotation associated with
Greenland Blocking. During periods of high frequency IB, the increased meridional
flow will generate more warm air advection, likely to produce higher surface
temperature over the region.
To compute the IB, the geopotential height gradient to the south (GHGS) and to
the north (GHGN) are calculated, using the following set of equations (Eqn. 3.1 and
Eqn. 3.2):
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where (λ! , Φ! ) refers to the longitude (λ) and latitude (Φ) of the center cell. The
subscripts S and N, correspond to the coordinates of the southern and northern cells,
respectively, and are 15° latitude from the center cell (Table 3-3). Equations 3.1 and
3.2 represent the gradient in the geopotential height between the center cell and the
cells to the south (Eqn. 3.1) and north (Eqn. 3.2).
Table 3-3 Coordinates of the lower-left corner for the three cells overlying the study
area, used to calculate the geopotential height gradient for determining whether daily
circulation is instantaneously blocked (IB).
Longitude

Latitude

Center Cell 𝛌𝟎 , 𝚽𝟎

49.5° W

69.5° N

Southern Cell (𝛌𝟎 , 𝚽𝐒 )

49.5° W

54.5° N

Northern Cell 𝛌𝟎 , 𝚽𝐍

49.5° W

82.0° N

As defined by Scherrer et al. (2006), for a particular day to be considered
blocked, two conditions must be met, as defined by Eqn. 3.3. The combination of a
GHGS greater than zero and a GHGN less than -10 m, means that the 500 mb
geopotential height is greater at the center cell than at both outer cells, implying
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warmer air at the center, and reflecting a center of higher pressure in the region. The
presence of IB at this latitude indicates that the typical zonal flow is disrupted by the
presence of counterclockwise-moving air.
GHG! λ! , Φ! >   0;   GHG! N λ! , Φ! <    −10  m

(3.3)

IBD is defined as the sum of all June days that are classified as IB for each June in the
study period (refer to Table 3-3). IBD values are linearly correlated to melt lake area
during the study period to determine whether a higher frequency of IB (and its
associated meridional flow) corresponds to higher melt lake area (and vice versa). Data
on the 2000 IBD are not included in this analysis as the source data contained
erroneous values on Z500.

3.5 Results
Surface Air Temperature Associations with Melt Lake Area
A strong statistically significant relationship between mean June temperature and melt
lake area during the PLP (r = 0.75) is identified (Figure 3-4) and contrasts with the
weak and non-significant result (r = 0.16) for May (not shown). Both mean July and
August air temperature values are excluded from this analysis as they occur after the
PLP, which extends through 02 July (refer to Chapter 2).
The mean May air temperature at JAR-1 for 2000–2012 is -5.1° C, and the
maximum mean May temperature is -1.4° C (occurring in 2010).

A mean air
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temperature below the melting point indicates insufficient sensible heat to melt surface
snow, confirming that, on average, the melt season does not begin until June; the
2000–2012 average temperature is 0.7° C. Additionally, the two melt seasons with the
lowest melt lake area occurred in 2000 (6.8 km2) and 2006 (7.3 km2), and correspond
to below-zero Celsius mean monthly June temperatures of -0.75° C and -1.35° C,
respectively. The statistically significant correlation (p < 0.05) between June surface air
temperature to melt area (r = 0.77) is stronger than the statistically significant
correlation between June NAOI to surface melt area (r = -0.64), suggesting that local
surface air temperature is a better predictive variable than the large-scale atmospheric
patterns associated with the NAO.
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Figure 3-4 Linear regression of mean June surface air temperature recorded at the JAR1 station for 2000-2012 and the total area (km2) covered by supraglacial melt lakes in
the JAR study area. The correlation is r = 0.76.

Solar Radiation Association with Melt Lake Area
RN represents the energy balance (incoming minus outgoing) at the ablation zone
surface, where positive RN values indicate net energy gain that goes into surface
melting. Correlation analysis between mean monthly May and June RN and melt lake
area indicate no statistical significance. As RN is composed of net shortwave and
longwave radiation, I further my analysis on the role of solar radiation on melt lake
area by correlating incoming shortwave solar radiation receipt (SWD) to melt-lake area
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over the JAR. The May SWD were included in this study as solar radiation receipt is a
dominant driver of surface melt (e.g., Box et al., 2012), and may impact surface melt
production prior to the onset of the melt season in June, when surface temperature
exceeds the melting point. The correlation is stronger for May SWD (r = 0.85, p =
0.01) than for June SWD (r = -0.58, p = 0.04). During May, the amount of SWD at the
ice sheet surface is positively correlated to the melt lake surface area during the PLP,
occurring at the end of June (Figure 3-5). Conversely, there is a negative correlation
between June SWD and melt lake area (r = -0.58, p = 0.04) (Figure 3-6). This sign
reversal suggests that the interaction between SWD and surface melt production
between May and June is related to the number of daylight hours over the study area.
Beginning in the latter half of May, and extending through the month of June, the Sun
does not set at these latitudes. Changes in the daily surface energy balance during the
month of May, driven by the rapid extension of daylight hours and the increasing SWD
intensity during these unlimited hours, may contribute to the strong linear relationship
between May SWD and surface melt area during the PLP. Additionally, the change in
SWD between May and June may be attributable to a decrease in the surface albedo as
the ablation zone surface typically shifts from fresh snow to bare ice and meltwater
during this period.
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Figure 3-5 Regression of mean May downward shortwave radiation (Wm-2) as recorded
at the JAR-1 station for 2000-2012. The y-axis is the total area (km2) covered by
supraglacial lakes in the JAR study area.

68

Figure 3-6 Regression of mean June downward shortwave radiation (Wm-2) as recorded
from the JAR-1 station for 2000-2012. The y-axis is the total area (km2) covered by
supraglacial lakes in the JAR study area.

The two atmospheric variables with the strongest and statistically significant
correlation to melt lake area are the mean May SWD and mean June temperature. The
strong statistically significant correlation between melt lake count and melt lake area (r
= 0.85) further indicate that May SWD and June temperature are important variables to
surface meltwater production in the JAR.
When surface air temperature in May is insufficient to induce area-wide melt
across the ablation zone because temperatures are below 0° C, clear skies and higher
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insolation rates precondition the ablation zone for melting in the subsequent month,
by lowering albedo so that more SWD is absorbed. Then in June, daily surface air
temperatures begin to exceed 0° C with higher frequency; an average of ~3 days in
May compared to ~21 days in June. Simultaneously, there is an increase in RN, from 14.66 Wm-2 in May (when energy is being lost) to 32.23 Wm-2 in June (a net energy
gain). The positive RN values indicate that the ablation zone is absorbing energy, which
goes into surface melting. There is also a decrease in the surface albedo between May
(α = 0.80) to June (α = 0.66), indicating a change in the surface type from fresh snow, α
~0.84 (Konzelmann and Ohmura, 1995) to saturated snow surfaces α ~0.67 (Bøggild et
al., 2010).
The combined effect of June temperature and May SWD on melt lake area and
melt lake count was assessed by computing the partial correlation coefficient between
the two climate variables and melt-lake area. Partial correlation coefficients for melt
lake area and count, respectively, computed for June temperature (r = 0.93 and r =
0.97, respectively) and May SWD (r = 0.91 and r = 0.92, respectively) indicate that
surface meltwater production is most sensitive to their combined effect, rather than
individually. A multiple linear regression of melt lake area and count for both May
SWD and June temperature indicates that >90% of the variance in these melt lake
parameters can be explained by both June temperature and May SWD. The linear
regression equations for melt lake area and count, respectively, are expressed as
follows:
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Area = -260.00 +1.00(SWD) + 6.64(T)

(3.4)

Count = -386.54 + 1.69(SWD) + 23.97(T)

(3.5)

where Area and Count are the surface melt lake area and count, respectively,
computed during the PLP; SWD is the mean May incoming shortwave radiation, and T
is the mean June temperature at the JAR-1 station.
I applied the multiple regression equation to the calculated monthly mean May
SWD and June temperature to generate derived melt lake area and count values; to
determine the accuracy of the multiple regression equations (Table 3-4). There is
general agreement between the observed and estimated melt lake area and count
values, with a RMSE = 4.2 km2 and RMSE = 13.6, respectively. The significance of May
SWD in the regression model is that it is a precursor to the period of maximum melt
that occurs in late June, providing predictability on the magnitude of melt lake area
and count several weeks in advance. Because May SWD and June temperature
strongly control surface meltwater parameters over the JAR, the regression model can
provide estimates on these meltwater parameters for periods when Landsat-7 satellite
imagery is not available. Additionally, the regression model could be incorporated into
ice models to identify the glacial response to changes in these meltwater parameters as
modulated by local climate conditions.
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Table 3-4 Comparison of the calculated melt lake area (km2) and count as computed
from the FoveaPro methodology in Chapter 2, the results from the multiple linear
regression analysis on melt lake area as a function of the monthly mean May SWD
(Wm-2) and June temperature (°C), and the associated error in melt lake area and count
(i.e., derived minus calculated).

6.80

Derived
Area
11.60

Area
Error
4.80

52

Derived
Count
64

Count
Error
12

2001

23.13

*

*

112

*

*

2002

42.93

41.15

-1.78

142

138

-4

2003

^

20.90

^

^

109

^

2004

33.37

28.57

-4.80

136

121

-15

2005

14.49

15.26

0.77

86

89

3

2006

7.31

3.32

-3.99

52

43

-9

2007

37.81

35.49

-2.32

143

133

-10

2008

38.00

*

*

107

*

*

2009

7.58

*

*

8

*

*

2010

25.42

32.68

7.26

100

127

27

2011

55.38

*

*

123

*

*

2012

50.60

*

*

142

*

*

Year

Area

2000

Count

* Years when the monthly mean May SWD is not available due to missing data (>25%
of daily mean data missing).
^ Melt lake area and count were not calculated during the 2003 melt season as there
was no Landsat-7 imagery available due to malfunction of the scan line corrector.
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Surface Wind Associations with Melt Lake Area
Surface winds transport air of varying temperature across the ice sheet surface, which
may influence the rate of surface melt and freezing. Mean May and June wind speed
and direction values at the JAR-1 station for the study period are decomposed into
zonal (west-to-east) and meridional (south-to-north) components and are each
correlated to melt lake area to identify how wind direction impacts melt lake area
variability during the study period. There is a statistically significant correlation
between the June zonal wind and melt lake area (r = 0.49, p < 0.05), while the
correlation between May zonal wind speed and melt lake area is not statistically
significant. The 2000–2012 mean June wind direction is 122.6°, that is, coming from
the southeast (Figure 3-7), while the two highest melt-lake area years (2011 and 2012)
correspond to June wind directions coming from the east (90°), that is, downslope from
the ice sheet. Although downslope winds are typically associated with katabatic flow,
which are gravity-driven winds generating lower temperature, the winds during June
2011 and 2012 correspond to the highest melt lake areas of the study period, 55.3 km2
and 50.6 km2, respectively, suggesting another mechanism is responsible for the years
of greatest melt-lake area.
The occurrence of easterly winds associated with high melt lake area during
June of 2011 and 2012, indicates possible Föhn-like conditions, as Föhn winds are
warm, downsloping winds that are pressure-driven. Under Föhn conditions at polar
latitudes, a ridge at the Z500 level provides vertically descending air, and when
coupled with an offshore low pressure system, the air is advected down the ice sheet
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surface due to the pressure gradient (between mid-tropospheric ridge and the offshore
low) (Klein and Heinemann, 2002), raising surface temperature by compressional
heating (Spiers et al., 2010). Surface temperatures in the McMurdo Dry Valleys,
Antarctica (77° S) have been observed to reach 8.6° C, with warming of > 40° C during
multi-day Föhn events in 2007 (Spiers et al., 2012). Föhn-like winds, accompanying
higher temperatures, have been studied in eastern Greenland, and are known as
piteraq winds. The term piteraq comes from the Ammassalik region of East Greenland
and means, “that which attacks you” in the local language (Cappelen et al., 2001).
In this study, I apply the term piteraq to describe the winds that are associated
with the extreme high melt years, when the easterly winds travel downslope from the
ice sheet interior. During June 2011 and 2012, ridging at the Z500 level provided
vertically descending air over the ice sheet interior (Figure 3-8d). The mean June sea
level pressure map (Figure 3-8e) indicates low pressure to the west of Greenland. The
warmer air in June 2011 and 2012 associated with compressional heating, is shown in
the potential temperature maps (Figure 3-9a-d), where the 2011 and 2012 potential
temperatures are 2° K and 5° K warmer than the 2000–2010 composite, and 3° K and
6° K warmer than the 1981–2010 climatology, respectively. As a result, easterly winds
during June 2011 and 2012 advect air downslope as a result of the pressure gradient to
produce higher surface air temperatures observed at the JAR-1 weather station.
Accordingly, the mean June surface temperature for 2011–2012 is 1.8° C, compared to
the mean June surface temperature of 0.49° C during 2000–2012.
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Figure 3-7 Mean June monthly wind direction (degrees) as recorded at the JAR-1
automated weather station, for the 2000 – 2012 melt period. The magnitude of the
wind speed is denoted in concentric dotted lines surrounding the center and increase
at an interval of 2 ms-1. For the two anomalous high melt years, 2011 and 2012, the
wind directions are bolded to highlight that they are from the east; that is ~90°, coming
downslope off the ice sheet interior.
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Figure 3-8 Anomalies (from the 1981 - 2010 climatology) in the 500 mb geopotential
height for the two extreme high melt years: a) 2011, b) 2012, c) the 2011-2012
composite, d) the 2011-2012 Z500 composite, and e) the 2011-2012 composite mean
sea level pressure.
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Figure 3-9 700 mb potential temperature maps for the two top melt years (2011,
upper-left), 2012 (upper-right), the 2000 - 2010 composite (lower-left) and the 1981 2010 climatology (lower-right).
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Table 3-5 Monthly mean June wind speed (ms-1), wind direction (degrees: north = 0°
measured clockwise) as recorded at the JAR-1 station for 2000-2012, and decomposed
into zonal (west-to-east) and meridional (south-to-north) components. The total
number of days with Easterly winds (defined as the predominant wind direction of 45 –
110°) for the month of June is in the last column.

June

2000

Wind Speed
(m s-1)
12.33

Wind Direction
(degrees)
135.78

Zonal
(m s-1)
-8.60

Meridional
(m s-1)
8.84

2001

5.80

133.21

-4.23

3.97

8

2002

10.81

148.72

-5.61

9.23

6

2003

6.11

112.66

-5.64

2.35

14

2004

7.38

124.83

-6.06

4.22

7

2005

12.44

129.70

-9.57

7.95

5

2006

14.85

139.79

-9.59

11.34

7

2007

6.52

130.54

-4.95

4.24

16

2008

11.19

120.93

-9.60

5.75

14

2009

5.80

119.80

-5.03

2.88

16

2010

6.08

114.48

-5.53

2.52

19

2011

5.14

96.51

-5.11

0.58

17

2012

5.61

86.74

-5.60

-0.32

28

# days Easterlies
13

Atmospheric Pressure Associations with Melt Lake Area
The objective in using surface air pressure from the JAR-1 weather station is to identify
possible relationships to melt lake area and to interrelate local- and large-scale
pressure patterns (e.g., blocking high) during the study period. I perform correlation
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analysis for melt lake area to the atmospheric pressure variables and find no
statistically significant relationship between melt lake area and either surface pressure
or Z500 during May and June (Appendix D). These results indicate that data on icesheet surface and free-atmosphere air pressures represented as point values do not
provide sufficient information of the larger-scale patterns associated with atmospheric
circulation. However, there is a statistically significant and strong correlation between
mean June air pressure and June NAOI (r = -0.77, p < 0.05). During the NAO– mode,
a weakening of the Icelandic Low results in positive Z500 anomalies (Figure 3-8a-b)
over the Greenland region, including the study area. The signature in the positive Z500
anomalies is represented as positive surface pressure anomalies at the JAR-1 weather
station; during the maximum NAO– (June NAOI = -2.5), the mean June surface
pressure at the JAR-1 station was 7.4 mb above the 2000–2012 average. The results on
atmospheric pressure do not indicate that fluctuations in local atmospheric pressure
influence the production of surface meltwater on the GrIS.

NAO Index Associations with Melt Lake Area
For the 2000–2012 study period, the monthly NAOI values of March – June were
correlated to melt lake area during the PLP and, with the exception of the June NAOI,
no statistically significant correlations were identified (see the Table of correlations
provided in Appendix E). The statistically significant negative correlations between
June NAOI and both melt lake area (r = -0.64) and mean June air temperature (-0.55)
confirms what is expected; that during periods of NAO+, cold-air advection produces
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lower temperatures over the study area, inhibiting surface melt. The two lowest meltproducing years, 2000 and 2006, coincide with either a near-neutral June NAOI of 0.03 (2000) or a positive June NAOI of 0.84 (2006). Conversely, during the post-2006
period, June NAOI values followed an increasingly negative trend, from -1.30 in 2007,
to -2.50 in 2012. The anomalously strong negative NAOI in June 2012 (NAOI = -2.5)
coincides with the second-highest melt lake area during the PLP, 50.60 km2, and in
2011, the June NAOI = -1.27 corresponds to a melt lake area of 55.38 km2. Therefore,
the synoptic circulation patterns associated with the NAO modes (NAO+, NAO–), as
described above, provide explanation for the observed melt lake area totals during the
study period.

Figure 3-10 Regression of the NAO Index values for June and melt area for the Peak
Melt Period (late June/early July), with a correlation of r = -0.64.
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Greenland Blocking Associations with Melt Lake Area
To assess the influence of mid-tropospheric ridging on melt lake area during the PLP, I
utilize a metric to represent Greenland Blocking, the number of instantaneously
blocked days (IBD) (Table 3-6), and apply correlation analysis to the two variables
(melt lake area and IBD) during the 2000–2012 study period. I identified no
statistically significant correlation between June IBD and melt lake area, which is
contrary to the hypothesis that June months with high IBD would be accompanied by
increased meridional flow and warm air advection, to generate large melt-lake area
values over the JAR. Additionally, periods of frequent blocking over Greenland are
strongly related to the NAO– (e.g., Davini et al., 2012) as they result in a weakened jet
stream and increased meridional flow (Woollings et al., 2008, 2010). The June 2012
Z500 anomalies (Figure 3-8b) indicate the presence of a ridge over Greenland, which
coincides with the observed record warmth and melt across the GrIS (e.g., Tedesco et
al., 2013) and further supports a positive relationship between melt lake area and IBD.
As the data used to calculate IBD corresponds to a 15° longitudinal swath, I
conclude that it is insufficient to represent the regional-scale ridging associated with
Greenland Blocking. One possible solution is to utilize Z500 anomaly data to
distinguish between blocked and non-blocked periods at a regional scale. This should
spatially resolve the wave pattern associated with ridging and may provide guidance
on the development of an improved method to more accurately represent Greenland
Blocking.
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Table 3-6 The number of instantaneous blocking days (IBD) (using the Scherrer et al.,
2006 methodology to determine Greenland Blocking) for June of each melt season
(2000 - 2012) in comparison to total melt lake area for the Peak Melt Period.
Year

Area (km2)

June IBD

2000

6.80

-

2001

23.13

3.00

2002

42.93

3.00

2003

-

5.00

2004

33.37

5.00

2005

14.49

3.00

2006

7.31

0.00

2007

37.81

2.00

2008

38.00

0.00

2009

17.58

1.00

2010

25.42

5.00

2011

55.38

0.00

2012

50.60

4.00

3.6 A Tale of Two Melt Seasons: High vs. Low Melt Lake Years
From the 2000–2012 study period, I select the extreme high (2011 and 2012) and low
(2000 and 2006) melt years (Table 3-7) to determine if larger-scale circulation provides
context for the local-scale (JAR-1 weather station) results on melt lake area.
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Table 3-7 Classification of extreme high melt years and extreme low melt years for the
2000 - 2012 melt seasons. Total melt lake area (km2) values calculated from the
FoveaPro methodology, Chapter 2, are in parentheses.
Extreme

Extreme

High Melt Years

Low Melt Years

2011 (55.38)

2000 (6.80)

2012 (50.60)

2006 (7.31)

Extreme High Melt Years
During the extreme high melt years (2011 and 2012), positive anomalies of Z500 are
present between western Greenland and Baffin Island (Figure 3-8a-c), with the greatest
Z500 anomalies (> 180 m) occurring in June 2012 (Figure 3-8b). The positive Z500
anomalies are a result of the well-developed ridge over Greenland as observed in the
composite Z500 (Figure 3-8d), corresponding to the intense Greenland Blocking
pattern that persisted throughout that summer (Tedesco et al., 2013). The 2011-2012
composite sea level pressure (Figure 3-8e) is higher and dominates the ice sheet
interior, bounded by two lows located to the west (Hudson’s Bay) and east (Irish Sea),
resembling an Omega Block (Figure 3-8b). The Omega Block accompanied the
anomalously strong NAO- in June (NAOI = -2.5), as the Icelandic Low migrated
eastward. Additionally, piteraq winds form as a result of the low pressure to the west
(driven by the pressure gradient), contributing to the anomalously high mean June
temperature of 2.2° C at the JAR-1 automated weather station. The combination of
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these conditions during June 2012 produced a total melt lake area at JAR of 50.60 km2,
which is 21.2 km2, or 72%, greater than the 2000–2012 average.

Extreme Low Melt Years
The Z500 during the two extreme low melt years (Figure 3-11a-b) is similar to the
long-term climatology pattern (1981 – 2010) (Figure 3-11d). For these years (2000 and
2006), the Icelandic Low is prominent, and zonal circulation prevails across the North
Atlantic. The combination of zonal winds and a strong polar-front jet (patterns
associated with the NAO+) prevent the advection of warm air northward, resulting in a
melt lake area of 11.55 km2 (29 % below the 2000–2012 mean) and mean June
temperature of -0.36° C for these years. Moreover, these results highlight the
anomalous nature of the study period, even compared to the 1981–2010 climatology.
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Figure 3-11 Mean June 500 mb geopotential height anomalies for the two extreme low
melt years: a) 2000, b) 2006, c) the 2000, 2006 composite, and d) the 1981 – 2010
Z500 climatology.

3.7 Summary and Conclusions
Melt lake area values during the peak melt period (PLP: 18 June – 03 July) for the
2000–2012 melt seasons were analyzed within the context of both local climate
conditions (JAR-1 station data) and the larger (regional) synoptic atmospheric

85
circulation. Meteorological data for the study period were used to identify relationships
(via linear correlation) with surface melt area, including surface air temperature, solar
radiation surface receipt, wind direction and speed, and mean sea level pressure. Two
variables are highly and positively correlated to surface melt across the study area:
mean May SWD and mean June Temperature. This suggests that, during melt seasons
when the May SWD and June temperature are high, the ablation zone surface absorbs
the added energy and converts it to meltwater production, which is supported by the
observed changes in RN (from negative to positive) and albedo between May (α = 0.80)
and June (α = 0.66). A partial correlation analysis reveals that these two variables
combine to explain 90% of the variance in melt lake area during the 2000–2012
period. Accordingly, the implementation of May SWD in regression analysis implies
potential predictability for melt lake patterns that occur during the PLP: the May SWD
preconditions the ablation zone surface to result in positive surface air temperature
anomalies the following month. Additionally, I identify a wind pattern, piteraq, that
occurs during high melt periods, as a result of adiabatic (compressional) warming that
is driven by the pressure gradient between the mid-tropospheric ridge (i.e., Greenland
Blocking) and an offshore low pressure system. Piteraq winds are associated with the
NAO– mode and the formation of an Omega Block-like pattern, and contribute to the
anomalously warm temperatures observed over the study area (> 2.2° C).
The NAO and Greenland blocking indices were related by correlation to
surface melt lake area over the JAR to determine the synoptic circulation patterns
accompanying the 2000 – 2012 peak melt periods. For the study period, I found no
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statistically significant relationship between the number of instantaneous blocking days
(IBD) in June and melt lake area. Upon further investigation, I conclude that the metric
used in determining Greenland Blocking does not fully resolve the large-scale patterns
associated with blocking. This is confirmed by the observed blocking that occurred
over Greenland in 2012, coincident with the observed record warmth and melting
across the GrIS. The statistically significant negative correlation between the June
NAOI and surface melt during the PLP (r = -0.64) confirms the hypothesis that during
the NAO+ mode, low melt lake area is a result of cold air advection and lower surface
air temperature, while high melt lake area is attributable to a weakened jet stream that
moves poleward and allows warmer air to be advected over the study area during
NAO–.
This study has identified particular atmospheric conditions that relate both
local-scale and regional-scale climate variables to melt lake area patterns observed
during the 2000–2012 study period. These results provide further insight into the role
of climate on inter-annual variability in melt lake parameters and on ice sheet surface
hydrology.
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Chapter 4
Assessing a Depth-retrieval method for
determining Supraglacial Melt Lake Volume, and
the Relationship between Lake Volume and the
Cumulative Positive Degree Day Metric
Abstract
Landsat-7 imagery is used to monitor the evolution of five supraglacial melt lakes in the
ablation zone north of Jakobshavn Isbræ during the 2000 – 2012 melt seasons. I seek
to identify a relationship between the melt lake volume and the required sensible
energy to produce the meltwater. To do this, I utilize the cumulative positive degree
day (cPDD) metric for melt lake production, which is the sum of daily mean
temperatures above the melting point, 0° C. I employ a depth-reflectance methodology
that relies on satellite reflectance values to estimate melt lake depths, and thus derive
total melt lake volume. In 71% of instances when the annual peak melt lake volume
occurs, the calculated volume exceeds the Krawczynski et al. (2009) threshold for
hydrofracturing (2.5 x 106m3); that is, rapid melt lake drainage. The volume results for
these lakes indicate that they have the potential to hydrofracture multiple times over
the study period, which can affect nearby ice flow velocity via basal lubrication. The
inter-annual variability in melt lake volume, when compared to cPDD, suggests that
meltwater production is less important to melt lake size (area and volume) than the
local ice sheet surface topography.
To validate the depth-reflectance methodology, I correlated melt lake depths
(Dmax) to depth measurements derived from a high resolution DEM (r = 0.79, p < 0.05),
and found that, on average, depth is overestimated by 4.8 m. To further assess the
accuracy of the depth-reflectance approach, I applied the methodology to two lakes
near to the study area for which in-situ measurements were collected. There was
minimal difference in the maximum melt-lake depth between the in-situ measurements
and the depth-reflectance methodology (~9%), suggesting that the depth-reflectance
methodology accurately estimates melt-lake inundation depth for supraglacial lakes.
Accurate estimates of melt lake volume are needed to better understand the influence
of supraglacial melt lake drainage events on ice sheet hydrology and its contribution to
global sea level rise.
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4.1 Introduction
When the near-surface air temperature rises above 0° C, wintertime accumulated snow
and firn is melted to produce surface meltwater in the Greenland Ice Sheet (GrIS)
ablation zone. The meltwater is then channeled into topographic depressions forming
supraglacial melt lakes (e.g., Echelmeyer et al., 1991). Surface meltwater production,
and thus melt lake growth, during the summer is primarily driven by the availability of
surface shortwave radiation receipt and air temperature (e.g., van den Broeke et al.,
2008; Box et al., 2012; Chapter 3 of this dissertation). Along the melt margins of the
GrIS supraglacial melt lakes have been observed to form in the same locations interannually (e.g., Echelmeyer et al., 1991; Lüthje et al., 2006). The significance of surface
meltwater to ice sheet hydrology is that during melt lake drainage events, large
amounts of surface meltwater (~44 x 106m3) can be quickly (<2 h) transferred to the ice
sheet depths (Das et al., 2008), reducing basal friction, and impacting ice flow (Zwally
et al., 2002; Joughin et al., 2008); this process is known as hydrofracture.
Measurements of melt lake area have been studied extensively to determine the
amount of meltwater in the ablation zone. This is primarily done using remotely
sensed satellite imagery, such as the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) (McMillan et al., 2007; Sneed and Hamilton, 2007;
Sneed and Hamilton, 2011); the Moderate Resolution Imaging Spectroradiometer
(MODIS) (Lüthje et al., 2006; Box and Ski, 2007; Sundal et a., 2009; Bartholemew et
al., 2011; Selmes et al., 2011; Liang et al., 2012; Johansson and Brown, 2013); and
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Landsat-7 Enhanced Thematic Mapper (ETM+) (hereafter referred to as Landsat-7)
sensors (Lüthje et al., 2006; McMillan et al., 2007; Lampkin, 2011).
However, estimating melt-lake volume is a more appropriate metric to quantify
meltwater than melt-lake area as it represents the surface meltwater storage term in ice
sheet hydrology. Computing supraglacial lake volume is more complex than melt lake
area; as it requires observations of lake bathymetry to compute depth, as well as
satellite imagery to determine melt lake areal extent. Theoretically, melt lakes with a
minimum area of 0.049–0.50 km2 and minimum volume of 0.098–2.5 x 106 m3, have
enough overburden pressure to propagate a crack through 1 km of ice (Krawczynski et
al., 2009). Crack propagation occurs at the ice sheet margins due to extensional
stresses from ice flow and the differences in density between water and ice. To
propagate the crack to the ice sheet-bedrock interface, the entire crack must remain
water-filled, requiring a minimum volume of water (0.098–2.5 x 106 m3) to be stored in
the supraglacial melt lake. Over the study period, many lakes in the ablation zone are
believed to meet the criteria for hydrofracture as mean melt lake area is 0.29 – 0.56
km2 (Selmes et al., 2011; Chapter 2), and some individual melt lakes have been
observed to be > 10 km2 (Box and Ski, 2007). What remains to be determined is
whether supraglacial lakes in the ablation zone have sufficient mean depths and
volume to meet the Krawczynski et al. (2009) hydrofracturing threshold.
Due to the lack of ground-based data on melt lake depth, melt lake volume
estimates are heavily reliant on techniques using remotely sensed imagery. Several
studies derive melt lake volume by developing depth-reflectance algorithms that
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correlate reflectance values in satellite imagery to in-situ depth measurements (Box
and Ski, 2007; Sneed and Hamilton, 2011). Several assumptions are made when
developing the depth-reflectance algorithms, including a smooth and horizontal lake
surface (e.g., no surface waves), and that the water column is pure freshwater,
containing negligible amounts of dissolved organic and inorganic matter. Box and Ski
(2007) develop an algorithm to calculate melt lake volume by correlating MODIS pixel
reflectance to in-situ data collected for two melt lakes during the 2005 melt season.
Sneed and Hamilton (2007) develop a theoretical approach that utilizes the at-satellite
reflectance from ASTER imagery to estimate inundation depth of pixels considered to
be part of the melt lake. Their theoretical approach has been validated using in-situ
data from a melt lake in East Greenland’s ablation zone during the 2008 melt season.
Although a method has yet to be developed specifically utilizing Landsat-7 imagery,
the application of the latter methodology to the panchromatic band (0.52 – 0.90 µm)
has previously been used to estimate the inundation depth of saturated crevasses along
the trunk of Jakobshavn Isbræ (Lampkin et al., 2013). What remains unknown is the
efficacy of the Sneed and Hamilton (2007) depth-reflectance methodology for
supraglacial lakes across the ablation zone over multiple melt seasons.
For this study, I use high-resolution imagery from the Landsat-7 satellite (15 m
spatial resolution) to monitor the evolution of five supraglacial melt lakes located
between 1050 – 1250 m elevation that reappear inter-annually for at least five melt
seasons between 2000 and 2012. I apply the depth-reflectance methodology
developed by Sneed and Hamilton (2007) to estimate pixel inundation depth, and thus
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derive melt lake volume. Melt lake depths derived from the Sneed and Hamilton
(2007) methodology are compared to a digital elevation model (DEM) and in-situ melt
lake depth measurements undertaken by Box and Ski (2007), to determine the
accuracy of the depth-reflectance algorithm. The second aim of this study is to identify
a possible relationship between changes in individual melt lake volume (i.e., melt lake
filling rate) and the cumulative available sensible energy required to produce
meltwater. To do this, I implement the positive degree day (PDD) metric to represent
the melt intensity. Similar melt lake evolution between multiple melt lakes would
suggest that the production of meltwater, and it’s routing to melt lake basins, is strongly
controlled by melt intensity. This would suggest that melt intensity would be an
optimal metric for estimating the storage of surface meltwater in the ablation zone.

4.2 Study Area and Datasets
Jakobshavn Ablation Study Region
The study region is a 225 km2 area of the ablation zone along west-central Greenland,
which has the highest number (Selmes et al., 2011) and concentration (Howat et al.,
2013) of supraglacial melt lakes on the ice sheet (Figure 4-1, and Chapter 2 of this
dissertation). Additionally, the study area is located ~35 km north of the fast-flowing
Jakobshavn Isbræ, hereafter referred to as Jakobshavn. Jakobshavn is a 15-km wide
outlet glacier that is responsible for ~7% of the ice sheet’s mass loss due to calving
(Luckman and Murray, 2005). In the ablation zone surrounding Jakobshavn, melt lakes
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have been measured to be greater than 10.0 km2 (Box and Ski, 2007), making
supraglacial lakes important locations of water storage on the ice sheet surface. On
average, there are ~ 123 lakes with a total mean area of 0.29 km2 across the study area
from the 2000–2012 melt seasons (Chapter 2). The combination of the proximity to
Jakobshavn and the abundance of melt lakes in the region make the study area
significant to ice sheet hydrology via melt lake drainage, and appropriate for the
analysis of supraglacial lake evolution at intra-seasonal and inter-annual time scales.

Figure 4-1 Landsat-7 image acquired on 08 July, 2007 showing (left) the Jakobshavn
Ablation Region (JAR) with the location of the five lakes studied in detail here (red
dots), and the Swiss Camp weather station (green dot). The red box to the right is a
detailed view of the study area that includes the five supraglacial lakes and the Swiss
Camp weather station.
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For this research, I identified five supraglacial melt lakes that form most years
from the 2000 – 2012 melt seasons, and are within 12 km of the Swiss Camp weather
station (Figure 4-1). Melt lake elevations for the five lakes in this study range between
1057 to 1221 m above sea level (Table 4-1). The close proximity in distance (one lake
to another and to the weather station) and lake elevation minimize potential
radiometric differences from satellite image acquisition, and differences in local
climate, such as temperature and solar radiation.

Table 4-1 The five supraglacial melt lakes studied here (clockwise from top, Figure
4-1, including their elevation, distance to the Swiss Camp weather station (in km), and
the number of years they appear in at least two Landsat-7 images during the 2000 –
2012 melt seasons. Elevation values are derived from the SETSM DEM (Noh and
Howat, 2014).
Lake

Elevation

Distance

Number of years

(km)

melt lake appears

Tyra

1120 m

11.5

7

Raja

1221 m

7.4

5

Sharon

1170 m

3.5

6

Jinkx

1143 m

2.0

6

Bianca

1057 m

10.4

9
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Datasets
Landsat-7 Imagery
Landsat-7, launched in 1999, has a 15 m spatial resolution and an 8-bit radiometric
resolution; that is, digital numbers ranging between 0–255. I utilize the panchromatic
band (band 8), spanning the 0.52–0.90 µm wavelengths. I converted each Landsat-7
image from digital number to radiance (Wm-2sr-1µm-1), and then from radiance to
reflectance using the equations of Chander et al. (2009) (equations provided in
Appendix G).
Forty-seven Landsat-7 images were collected for the 2000 – 2012 melt seasons
(May – August) (Table 2-1), providing an average ~4 images per summer. The five
lakes and their surrounding area were cropped from each Landsat-7 scene, producing
a total of 235 images for 2000 – 2012. Of the total image count, there are 123 images
for which at least one of the five lakes was detected and lake area could be calculated
(Table 4-2). Melt lake area is calculated using a novel software tool (FoveaPro, a plug-in
to Adobe Photoshop) that semi-automates the mapping of supraglacial lakes, and
generating precise spatial statistics on their occurrence (Chapter 2). No Landsat-7
images were acquired during the 2003 melt season owing to a failure of the on-board
scan-line corrector. Subsequent imagery had dropped scan lines that have increasing
widths for areas that are located further from nadir (Figure 2-4a). For Landsat-7 images
with missing scan-lines, I developed a work-around method using Adobe Photoshop
(Chapter 2) to calculate melt lake area.
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Digital Elevation Model
I include data on surface elevation in order to assess the accuracy of the depthreflectance derived melt lake volumes. The Surface Extraction with TIN-based Searchspace Minimization digital elevation model, henceforth SETSM DEM, is a high spatial
resolution DEM by Noh and Howat (under review), that provides localized high
resolution height data, at 2 m horizontal spatial resolution for select, high-priority
regions (e.g., Jakobshavn) in the Arctic (http://www.pgc.umn.edu/elevation/stereo).
The SETSM DEM is derived from optical satellite imagery for the DigitalGlobe, Inc. and
Worldview-1 and 2 satellites, which have a spatial resolution of ~0.5 m. The
methodology for generating the SETSM DEM is stereoscopic pairing and feature
matching within each image to derive surface topography. The horizontal (x- and yaxis) and vertical (z-axis) accuracies of the SETSM DEM are 2.5 m, 2.9 m, and 2.0 m,
respectively (Myoung-Jong Noh, personal communication, 2014).

Swiss Camp Weather Station Data
The meteorological data used in this study come from the Swiss Camp automated
weather station that is part of the Greenland Climate Network (GC-Net). The Swiss
Camp weather station is located at 69°34’06” N, 49°18’57” W and an elevation of
1149 m above sea level (Steffen and Box, 2001). Surface air temperature data at 2 m
above the ice surface are collected at hourly intervals for 01 May – 31 August during
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the 2000 – 2012 melt seasons, and averaged to produce daily mean temperature
values; that is, 0100 to 2400 local time.

4.3 Methods
Depth-Reflectance Relationship
To estimate melt lake depth of the five supraglacial lakes in the study area, I implement
the methodology developed by Sneed and Hamilton (2007) for the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) sensor, and apply it
to the panchromatic band (band 8) of the Landsat-7 satellite. The Sneed and Hamilton
(2007) depth-reflectance methodology has been previously applied to panchromatic
Landsat-7 imagery to estimate the inundation depth of saturated crevasses during the
2007 melt season (Lampkin et al., 2013). In this work, I apply the methodology for
estimating supraglacial lake depth (i.e., to derive volume) to panchromatic Landsat-7
imagery across 12 melt seasons and determine melt lake volumetric changes at intraseasonal and inter-annual time scales. Sneed and Hamilton (2007) utilize the atsatellite reflectance to estimate inundation depth of pixels that are considered to be
part of the melt lake.
The Sneed and Hamilton (2007) methodology is based on the Bouguer–Lambert–Beer
law for the attenuation of light through a medium; in this case, a water column,
represented by Equation (4.1):

102
𝐿 𝑧, λ = 𝐿 0, λ 𝑒 !!! !

(4.1)

where, L(z, λ) is spectral intensity leaving the water body at a depth (z) and wavelength
(λ); L(0, λ) is spectral intensity at the melt lake surface (that is, depth is zero); Kλ is
spectral attenuation; and z is water column depth. All terms in Equation 4.1, except for
the depth (z), are wavelength-dependent. Using the assumption that L(z, λ) = Ad - R∞
and L(0, λ) = Rw - R∞, solving for the depth, and inverting to a logarithmic function,
equation 4.1 can be rewritten as:
!!" !! !!!
𝑧 = !" !!!!! !!

(4.2)

where Ad is the reflectance of the lake bed; R∞ is the reflectance of optically deep
water; Rw is the reflectance acquired by the sensor; and g is a term that includes a
downwelling attenuation coefficient (Kd), a beam absorption coefficient (a), and a
function for the distribution of upwelling light (Du) such that g ≈ Kd + a Du.
Sneed and Hamilton (2007) provide five assumptions for using their methodology:
a. The melt lake bed is only ice and has a constant albedo across the lake bed
surface;
b. The melt lake bed is parallel to the lake surface’
c. The water column is pure freshwater; thus the attenuation effect by suspended
or dissolved organic or inorganic matter is minimal;
d. There is no Raman scattering, that is, all scattered outgoing energy has the same
wavelength as the energy incident upon the medium; and
e. The melt lake surface is flat, such that there are no surface waves.
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In Equation 4.2, parameter Ad is the reflectance of a wetted homogenous ice surface.
To approximate these conditions, for every Landsat-7 scene I recorded reflectance
values of 15 pixels located at the five lake boundaries within the study area. I assumed
that at melt lake boundaries, the inundation depth is minimal (< 0.5 m) and thus, the
light attenuation through the small water column is minimized. Values of Ad are
calculated as the mean of the 15 recorded reflectance values. To determine R∞, I
selected and averaged 10 pixel reflectance values located in deep water; that is, far
from shorelines and not biased by nearby floating ice or freshwater plumes. To
determine g, I used the Philpot (1989) approximation of g ≈ 2Kd, and the diffuse
attenuation coefficient (Kd) values for pure water from Pope and Fry (1997).

Lake Volume derived from Lake Area
For the 123 images on which melt lake areas are calculated, a total of 102 volume
calculations are made using the Sneed-Hamilton depth-reflectance methodology
discussed above. The number of volume estimates is limited by two factors: 1)
obstruction of Earth’s surface by thin, whispy cloud cover (9 images); and 2) images
with missing scan lines (30 images) (Table 4-2). In an effort to increase the number of
lake volume estimates for the five lakes, I plotted lake volume against lake area for
each of the five melt lakes. I identified strong, statistically significant linear
relationships between each melt lake’s volume and area (Figure 4-2). For images
where lake volume is not available, proxy lake volume estimates are derived as a
function of melt lake area using the linear regression equation from Figure 4-2. A total
of 26 synthetic observations are generated using this method. Differences in the area-
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volume relationship between the five lakes highlight the effect of surface topography
on melt lake size. For instance, the largest of the lakes in this study (Lake Raja) is
located at the highest elevation (1221 m), where the surface tends to be flatter. The
slope of the regression line is less than that of the three middle-elevation lakes (Lake
Tyra: 1120 m, Lake Sharon: 1170 m, and Lake Jinkx: 1143 m), suggesting that they
have higher mean lake depths. The lowest-elevation lake (Lake Bianca), where surface
slope tends to be steeper, is the smallest of the five lakes.

Melt Lake Volume (106m3)

25

20

Lake Tyra
y = 9.4369x
r² = 0.79

15

Lake Raja
y = 6.774x
r² = 0.83
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0
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2
Melt Lake Area (km2)
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Figure 4-2 Scatter plot of melt lake area (x-axis) and melt lake volume (y-axis) of the
five lakes observed in this study for the 2000–2012 melt seasons. Melt lake area is
calculated using the FoveaPro methodology presented in Chapter 2, and melt lake
volume is computed using the depth-reflectance algorithm by Sneed and Hamilton
(2007). The coefficients of determination (r2) for each lake demonstrate the strong
relationship between melt lake area and volume. The regression-line equations are
used to generate synthetic volume values for image dates for which volume cannot be
calculated using the depth-reflectance algorithm.
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Table 4-2 The number of images for which a) melt lake area is calculated using the
FoveaPro methodology; b) volume estimates are computed using the depth-reflectance
methodology; c) cloud obstruction prevents the calculation of melt lake volume; d)
missing scan lines prevent the calculation of melt lake volume; and e) the number of
images for which melt lake volume is derived from the area-volume regression
equations (Figure 4-2).
Lake
Tyra
Raja
Sharon
Jinkx
Bianca
Total

a) Area
29
18
24
23
29
123

b) Volume c) Cloudy
24
2
15
2
18
1
19
3
26
1
102
9

d) Missing Scan line
4
4
8
5
9
30

e) Count
4
4
5
5
8
26

The Degree Day Model for Surface melting
The positive degree day (PDD) model has frequently been used to relate air
temperature to the amount of surface melt for snow and ice surfaces (Reeh, 1991;
Braithwaite, 1995; Hock, 2003). Here, PDD is calculated as the daily mean nearsurface air temperature above 0° C recorded at the Swiss Camp weather station, to
represent the amount of energy that can go directly into melting. As surface energy
does not instantaneously melt snow and ice, an additional term, the cumulative PDD
(cPDD), is introduced to represent the sum of PDD to date. Monthly cPDD values are
provided for the 2000 – 2012 melt seasons in Table 4-3.
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Table 4-3 Summary of the total cumulative positive degree days (cPDD) as derived
from near-surface air temperature data at the Swiss Camp weather station during the
2000 - 2012 melt seasons; data for the weather station during the 2008 melt season are
not available owing to failure of the temperature sensor.
31 May

30 June

31 July

31 August

2000

0.0

2.5

24.3

43.2

2001

0.0

17.9

30.9

56.5

2002

4.4

31.8

59.8

61.7

2003

0.1

26.0

46.2

80.6

2004

0.0

24.5

51.6

78.2

2005

7.0

41.0

97.7

127.0

2006

0.4

4.1

45.6

63.8

2007

0.0

44.8

116.4

139.0

2008

-

-

-

-

2009

0.4

7.6

59.4

67.5

2010

16.3

48.2

85.7

133.0

2011

0.0

30.1

96.7

124.7

2012

11.4

65.5

132.3

169.3

4.4 Results
Comparison of Melt Lake Volume to the Cumulative Positive
Degree Day Metric
The annual time series of melt lake volume for each lake, using the combination of
depth-reflectance derived volume and volume proxy values from the area-volume
linear relationship, are plotted against the cPDD (by image date). Results for individual
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lakes (Figure 4-4 through Figure 4-8) are presented in elevation order (highest to
lowest) in the following sub-sections.
There is a large range in the average peak melt lake volume between the five
lakes, from 2.15 x 106 m3 (Lake Bianca) to 15.95 x 106 m3 (Lake Raja), which
correspond to the lowest and highest elevation lakes, respectively. There is a
statistically significant correlation (r = 0.97, p < 0.05) between melt lake elevation and
melt lake area, such that lakes forming at higher elevation are larger in area (Figure
4-3). This is a direct result of higher elevation (or inland locations) having smaller ice
surface slopes (e.g., Howat et al., 2013) and a flatter surface topography (Rae et al.,
2013). In 71% of instances when the annual peak melt lake volume occurs, the
measured melt lake area and calculated volume exceed the Krawczynski et al. (2009)
threshold for hydrofracturing (~0.5 km2 and 2.5 x 106m3, respectively); that is, rapid
melt lake drainage occurs. This suggests that the five melt lakes in this study have the
propensity to hydrofracture several times during the 2000–2012 melt seasons.
There is no identifiable pattern between melt lake volume for the five melt lakes
and cPDD, suggesting that there are other factors, such as surface morphology that
play a more important role in melt lake volume on seasonal and inter-annual time
scales.
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Figure 4-3 Elevations of the five supraglacial lakes in this study compared to their
largest area, showing that lakes that form at higher elevations are larger.

Lake Tyra
With the exception of the 2009 and 2012 melt seasons, Lake Tyra exhibited a similar
rate of growth between lake onset date and the peak lake volume date of ~0.30
x106m3/cPDD (Figure 4-4). Only one lake drainage event occurred during the study
period; during the 2009 melt season Lake Tyra lost 3.26 x 106m3, or 92% of lake
volume within a period of 16 days (14 – 30 August). It is important to note that the lake
may have drained within a shorter time period, but was not detected due to the 16-day
repeat cycle of the Landsat-7 sensor. The inter-annual peak melt lake volumes
correspond to a cPDD of 57.7±9.2. There is a large range in seasonal peak melt
volume, from 0.08 x 106m3 on 19 June 2012 to 16.38 x 106m3 in 08 July 2007. Neither
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seasonal peak melt lake volume, nor its timing, are consistent across melt seasons,
suggesting that there are other, more important factors that modulate inter-annual
changes in melt lake volume, such as changes in ice sheet surface topography and the
role of surface water routing via supraglacial streams.
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Figure 4-4 The growth of Lake Tyra from the 2000 - 2012 melt seasons. On the x-axis
is the cumulative positive degree days (cPDD) and volume (m3) on the y-axis. Lake
volume values derived from the area-volume relationship are shown stippled.

Lake Raja
Between the lake onset and peak volume dates of the 2001 and 2007 melt seasons
(Figure 4-5), there is a similar linear relationship between lake volume and cPDD as at
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Lake Tyra, such that melt lake volume increases at a rate of ~0.48 x106m3/cPDD.
During the 2007 melt season, Lake Raja quickly (within 16 days, 33.5 cPDD) reached
its peak volume of 16.80 x 106m3 at 57.6 cPDD (on 08 July). After this date, melt lake
volume slowly decreased throughout the remainder of the melt season (25 August
2007).
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Figure 4-5 The growth of Lake Raja from the 2000 - 2012 melt seasons. On the x-axis
is the cumulative positive degree days (cPDD) and volume (m3) on the y-axis. Lake
volume values derived from the area-volume relationship are shown stippled.
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Lake Sharon
With the exception of the 08 July 2007 melt lake volume (19.45 x 106m3), annual peak
melt lake volume is 3.20 x 106m3 (Figure 4-6). The Dmax value on this date is also
significantly higher than the average for the five lakes (23.8 m compared to 10.7 m),
suggesting that there may be other factors biasing the depth-reflectance estimates.
During the peak melt lake volume date (with the exception of 2007), there is partial ice
cover on Lake Sharon (Table 4-4). The presence of floating ice affects depth estimates,
as an ice surface albedo is much higher than that of a water column.
Only during the 2007 melt season is Lake Sharon completely free of floating
ice. This coincides with a larger melt lake volume (19.48 x 106m3 compared to the
mean 4.88 x 106m3 during the other years), and larger mean melt lake depth (9.7 m
versus an average 7.7 m for the other years). The presence of surface lake ice
significantly reduces the mean melt lake depth (by 2 m) and melt lake volume (by 14.6
x 106m3), indicating that floating ice can significantly impact the melt lake depth and
volume estimates. Additionally, melt lakes with frequent floating ice are not ideal
candidates for melt lake analysis using the depth-reflectance methodology, as it is
reliant on at-satellite reflectance that assumes a water column only.
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Figure 4-6 The growth of Lake Sharon from the 2000 - 2012 melt seasons. On the xaxis is the cumulative positive degree days (cPDD) and volume (m3) on the y-axis.
Lake volume values derived from the area-volume relationship are shown stippled.

Table 4-4 Summary of Lake Sharon during the annual peak melt lake volume,
including melt lake volume, area, maximum depth, and mean depth as calculated and
using the Sneed and Hamilton depth-reflectance methodology. Additionally, I indicate
whether the lake is partially covered by floating ice.
Volume

Floating

Area (km2)

Dmax (m)

Dmean (m)

8.39

1.18

14.9

7.1

Yes

2-Aug

4.08

0.49

15.2

7.8

Yes

2007

8-Jul

19.48

1.35

23.8

9.7

No

2010

21-Jun

5.64

0.75

*

*

Yes

2011

3-Jul

7.33

1.02

17

7.6

Yes

2012

19-Jun

6.76

0.86

14.7

8.2

Yes

Year

Date

2001

8-Aug

2002

(x106 m3)

Ice?
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Lake Jinkx
With the exception of the 2001 maximum lake volume (10.52 x 106m3), mean lake
volume does not exceed 2.5 x 106 m3 (Figure 4-7) for Lake Jinkx. This lake is unlike the
other melt lakes in this study in that when lakes typically reach their largest extent
during the study period (e.g., 2007 and 2012), Lake Jinkx remains relatively small
compared to the 08 August 2001 lake volume. From the Landsat-7 imagery, there are
no observable supraglacial streams that would indicate meltwater transport out of the
lake.
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Figure 4-7 The growth of Lake Jinkx from the 2000 - 2012 melt seasons. On the x-axis
is the cumulative positive degree days (cPDD) and volume (m3) on the y-axis. Lake
volume values derived from the area-volume relationship are shown stippled.
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Lake Bianca
During the study period, there is one observed drainage event (during the 2009 melt
season) when melt lake volume decreased from 1.2 x 106m3 to 0.2 x 106m3, resulting
in drainage of 84% of the melt lake volume in a period of 16 days (14 – 30 August).
The evolution of Lake Bianca for the 2000–2012 melt seasons shows no apparent
relationship when compared to the cPDD (Figure 4-8).
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Figure 4-8 The growth of Lake Bianca from the 2000 - 2012 melt seasons. On the xaxis is the cumulative positive degree days (cPDD) and volume (m3) on the y-axis.
Lake volume values derived from the area-volume relationship are shown stippled.
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For the five lakes in this study, variability in melt lake volume at intra-seasonal
and inter-annual time scales indicates that melt lake evolution are not strongly
modulated by either melt intensity (cPDD) or seasonal timing (date). Due to their
physical proximity to one another, they are driven by similar local climate (e.g.,
temperature and solar radiation). As a result, their differences in melt lake volume
suggests that local topographic and water routing processes may play a more dominant
role in the evolution of individual melt lakes in the ablation zone.

Comparison of the SETSM DEM to In-situ Measurements
Before the melt lake depth estimates can be assessed for accuracy by comparison to
SETSM DEM depth measurements, confidence of the SETSM DEM as a reference must
first be established. To do this, the SETSM DEM is compared to in-situ measurements
of two supraglacial lakes in close proximity to the study area: Lakes A and B
undertaken by Box and Ski (2007).
Box and Ski (2007) collected in-situ measurements on Lakes A and B on 14 –
15 August 2005, correlated their measurements to MODIS imagery (acquired on 16
August 2005), and developed a depth-reflectance algorithm to estimate melt lake
inundation depth. Using the 16 August 2005 MODIS image, Box and Ski (2007)
estimated Lakes A and B to have area and volume of 1.3 and 1.5 km2, and 7.1 and 7.8
x 106m3, respectively (Box and Ski, their Table 5, see Appendix H). The two lakes
(Lakes A and B) identified by Box and Ski (2007) are not optimal lakes for the present
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study as they are frequently obstructed by missing scan lines in the Landsat-7 imagery
(Figure 4-9 left). However, the Box and Ski (2007) lakes do provide valuable in-situ
information that allow for direct melt lake depth comparison to data extracted from a
DEM.

Figure 4-9 Landsat-7 (left) and MODIS (right) images of Lakes A and B identified in Box
and Ski (2007). The Landsat image was acquired on 10 August 2005 and has a spatial
resolution of 15 m. The scan lines running from upper left to lower right result from the
failure of the scan line corrector in 2003. The MODIS image was acquired on 16
August 2005 and has a spatial resolution of 250 m.
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To visually determine the lake’s spatial extent, I acquired the MODIS image for
16 August 2005 (Figure 4-9 right), the same image that Box and Ski (2007) used to
derive their depth-reflectance algorithm, and overlaid it onto the SETSM DEM in a
geographic information system (GIS). I extracted elevation data at 20 points along the
perimeter of the lake to determine the mean lake surface elevation of 1180.3 m
(assuming that the lake surface has no slope). Additionally, I extracted the elevation
corresponding to the location of maximum depth (Dmax) as determined by Box and Ski
(2007). The lake-bottom elevation for Lake A is 1174.3, producing a SETSM DEM
depth (DDEM) of 6.0 m. I applied the same procedure to Lake B, having a lake surface of
1126.8 m elevation, a lake-bottom elevation at 1121.6 m, and a DDEM of 5.2 m (Table
4-5). For Lakes A and B, the mean difference between the DEM-derived maximum
depths (DDEM) and the maximum depths measured by Box and Ski (2007) (Dmax) is an
underestimation by 5.4 m (DDEM - Dmax), which may arise from the acquisition date of
the input imagery that generated the DEM (08 July 2012); depending on time of year,
the ablation zone surface may be snow covered, which can mask the topographic
variability associated with lake basins. Therefore, using a single DEM derived from
passive optical satellite imagery (as is the case for the SETSM DEM) to represent surface
topography at intra-seasonal and inter-annual time scales, may not be the most
accurate reference source; the DEM may not fully resolve the variability in the ice
surface topography (including snow depths and supraglacial lake filling) that can occur
at significantly shorter time scales.
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Table 4-5 Information on Lake A and Lake B identified by Box and Ski (2007),
including the image date, volume, area and maximum depth (Dmax) as recorded by insitu measurements collected on 14 – 15 August, 2005. Additionally, the depths
calculated by the SETSM DEM (DDEM) are provided, along with the calculated
difference (DDEM minus Dmax), from the present study.
Lake
A
B

Date
16 Aug.
2005
16 Aug.
2005

Volume
(x106 m3)

Area
(km2)

7.1

1.3

7.8

1.5

Dmax

DDEM

Difference

10.9

6.0

-4.9

11.0

5.2

-5.8

Mean
Difference

-5.4

To evaluate whether the depth-reflectance approach is appropriate for
estimating the inundation depth, and hence determining melt lake volume, I apply the
method to Lakes A and B during a time when the lakes were of comparable size (i.e.,
area) to the study period in Box and Ski (2007) (Table 4-5). Using the repository of
Landsat-7 images, I determined that the date of largest area for Lakes A and B occurred
on 19 June 2012 (Table 4-6), which is 19 days prior to the acquisition of data used to
generate the SETSM DEM (see Appendix F). The results on Dmax, between the in-situ
measurements and the depth-reflectance methodology are similar, such that the depthreflectance derived depths (on 19 June 2012) are greater by 1.0 +/-0.7m than the insitu maximum depths recorded on 16 August 2005. The difference in Dmax (~9%)
between the two time periods is minimal; indicating that application of the Sneed and
Hamilton (2007) methodology to panchromatic Landsat-7 imagery accurately
estimates inundation depth and volume for supraglacial lakes in the present study.
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Table 4-6 Summary of the Box and Ski (2007) Lakes A and B when the Sneed and
Hamilton (2007) methodology is applied to the 19 June 2012 Landsat-7 image (present
study). Results include melt lake volume, area and maximum depth (Dmax).
Date
Lake A

19 June 2012

Volume
(x106 m3)
5.3

Lake B

19 June 2012

9.3

Area (km2)

Dmax (m)

0.8

11.2 m

1.3

12.7 m

Reflectance-derived Lake Depths: Comparison to DEM Data
To estimate the error in the Sneed and Hamilton (2007) method of deriving inundation
depth, I compare the results from the depth-reflectance methodology on the date of
maximum melt lake volume to the associated depths of the SETSM DEM (DDEM) (Table
4-7). To minimize the error associated with different spatial resolutions, the SETSM
DEM is resampled from its native 2 m resolution to the Landsat-7 spatial resolution of
15 m.
I calculate DDEM values for all pixels coincident with the lake’s spatial extent,
visually identified on the Landsat-7 imagery. Each image is overlaid onto the SETSM 15
m DEM in a GIS, and the lake surface elevation is calculated at the mean elevation of
20 data points along the lake perimeter. Depth values (DDEM) are computed by
subtracting the resampled DEM elevation from the lake surface height. There is a
strong statistically significant correlation between the two derived depths (r=0.79,
p<0.001), indicating that the depth-reflectance methodology well represents the lake
bottom topography given in the DEM. The depth-reflectance approach tends to
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overestimate maximum lake depth by an average of 4.8 m. The strong correlation
between the two datasets suggests that lake bathymetry is similar; the overestimation in
maximum depth from the depth-reflectance method suggests that the Sneed-Hamilton
algorithm overestimate the light attenuation at larger lake depths. The combination of
these results suggests that the Sneed and Hamilton methodology to estimate inundation
depth appropriately represents melt lake bathymetry when applied to the
panchromatic band of Landsat-7.

Table 4-7 Summary statistics for the five study lakes on the date of maximum volume,
including melt lake volume, area, maximum depth (Dmax), the SETSM DEM derived
depth (when resampled at 15 m spatial resolution), and the associated error for Dmax
(i.e., Dmax minus DDEM).
Lake

Date

Volume
(x106 m3)
16.38

Area
(km2)
1.15

Dmax

Max DDEM

18.0

10.0

Dmax Error
(m)
8.0

Tyra

08 July 2007

Raja

14 August 2009

17.32

2.30

12.3

8.3

4.0

Sharon

08 July 2007

19.48

1.35

23.9

9.2

14.6

Jinkx

08 August 2001

10.52

1.27

12.8

4.9

7.9

Bianca

24 July 2007

4.88

0.41

14.6

3.8

10.8

For additional comparison between the depth-reflectance results to the SETSM
DEM, I plotted contour maps for Lake Tyra for 08 August 2001 (corresponding to the
Landsat-7 image on Figure 4-11, lower left), as on this image date, I find no factors that
would affect the estimates of the depth-reflectance measurements (i.e., cloud cover,
floating ice, or missing scan-lines). The two methods produce similar lake bathymetry

121
evident from the topographic contour lines with similar maximum depth values, yet
the melt lake perimeter from the SETSM DEM (Figure 4-10, bottom) has a lower slope
than that determined from the depth-reflectance approach (Figure 4-10, top).
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Figure 4-10 Comparison of elevation contour maps for Lake Tyra between a) the
depth-reflectance methodology developed by Sneed and Hamilton (2007) from a
Landsat-7 image acquired on 08 August 2001, and b) the SETSM DEM provided by
Noh and Howat (under review), with a 2 m spatial resolution.
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I have provided evidence indicating that the Sneed and Hamilton (2007)
methodology using panchromatic Landsat-7 imagery is accurate for the purpose of
estimating melt lake volume. Consequently, I re-evaluate the relationship between
melt lake volume and cPDD by selecting a case study that combines a high number of
images during a melt season, and when the image is minimally affected by optical
obstructions (e.g., floating ice, missing scan lines or cloud cover). For this reason, I
select Lake Tyra during the 2001 melt season.

Case Study: Lake Tyra during the 2001 Melt Season
During the 2001 melt season, Lake Tyra appears in five Landsat-7 images (Table 4-8),
whose time series is shown in Figure 4-11. During the melt lake growth period (30
June and 01 August), melt lake volume and area increase from 0.52 to 11.36 x 106m3,
and 0.11 to 1.16 km2, respectively. The maximum melt lake depth of 18.0 m occurs on
01 August. The peak melt volume is reached at 48.5 cPDD, corresponding to 01
August. There is a strong correlation between melt lake volume and cPDD (r = 0.99)
for Lake Tyra during the 2001 melt season. The rate of lake filling as determined by the
regression line is 0.37 x 106 m3/cPDD. After peak volume is reached on 01 August,
melt lake volume slowly decreases due to initiation of the supraglacial stream in the
northwest section of Lake Tyra (Figure 4-11, lower-left). At this time, any additional
surface meltwater that collects in the supraglacial lake is routed out of the melt lake via
the supraglacial stream to the lower surface heights (~2 m) associated with this area
(Figure 4-10).
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Table 4-8 Summary of Lake Tyra lake dimensions during the 2001 melt season,
including volume, area, maximum depth (Dmax), and cumulative positive degree days
(cPDD) as recorded at the Swiss Camp weather station, which is 11.5 km away.

30 June

Volume
(x106 m3)
0.52

07 July

Date

Area (km2)

Dmax (m) cPDD

0.11

6.5

19.7

2.53

0.41

10.1

26.1

14 July

4.96

0.67

12.4

34.0

01 August

11.36

1.16

18.0

48.5

08 August

10.18

1.33

11.9

62.0
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Figure 4-11 Sequence of Landsat-7 images for Lake Tyra during the 2001 melt season
from 30 June (upper-left) to 08 August (lower-right).
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4.5 Limitations of the Depth-Retrieval Method
This research has presented a methodology to calculate changes in lake volume for
supraglacial lakes in the Jakobshavn Ablation Region through a recent thirteen-year
period (2000–2012). Although this method approximates melt lake inundation depths
using at-satellite reflectance, there are several limitations that prohibit the wider-scale
spatial and temporal applications of this methodology to melt lakes across the ablation
zone. Resolving such possible sources of error will better elucidate the controls on
supraglacial lake evolution at intra-seasonal and inter-annual time scales. The likely
error sources are as follows:

Cloud Obstruction
For the study period, 9 Landsat-7 images (7% of the total) are excluded due to the
presence of clouds. In some of the imagery, the cloud cover is relatively thin, allowing
for melt lake area to be calculated using the semi-automated approach to melt lake
mapping outlined in Chapter 2 (i.e., FoveaPro). When thin clouds are present, the user
is able to delineate melt lake perimeter, and calculate melt lake area, by altering
reflectance thresholds to classify a set of pixels as a single feature (a melt lake). Some
imagery is obstructed by the presence of optically thick clouds that prevent
observation of the ablation zone surface. Because inundation depth is dependent on a
pixel’s reflectance, the presence of clouds modifies the registered reflectance, typically
increasing the reflectance value. Application of the depth-reflectance methodology to

127
images under these atmospheric conditions would bias inundation depths, generating
shallower lake depths, and decreasing melt lake volume totals.

Missing Scan Lines
Malfunction of the Landsat-7 scan line corrector in 2003 rendered subsequent imagery
to have missing scan lines (e.g., Figure 2-3a). Notwithstanding, I provided a workaround methodology to derive statistical information on melt lakes, such as area and
circularity, using FoveaPro (described in Chapter 2). Although this methodology allows
the user to calculate melt lake area, melt lake volume cannot be estimated due to the
lack of reflectance values from the missing pixels. In February 2013, Landsat-8 was
launched as part of the continuation of acquisition of Landsat imagery. These data
contain similar spatial, temporal, spectral and radiometric characteristics as the
Landsat-7 imagery used in this study. Subsequent data acquisition on supraglacial
lakes will utilize Landsat-8 imagery in order to reduce the impact of missing scan lines
in melt lake analyses, and will allow for comparison of melt lake characteristics
derived by the two satellites.

Floating Ice
At the beginning and end of the melt season, the presence of floating ice on melt lake
surfaces offers similar constraints to cloud coverage for melt lake volume calculations.
Floating ice has a higher albedo and produces higher at-satellite reflectance values
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than a water column. As a result, lakes that are visually identified to have floating ice
underestimate melt lake volume when the depth-retrieval algorithms are applied.

4.6 Conclusions
I apply a depth-reflectance methodology to Landsat-7 imagery to calculate inundation
depth, and thus derive melt lake volume, for five supraglacial melt lakes in the ablation
zone just north of Jakobshavn Isbræ. These measurements enable me to determine its
seasonal and inter-annual associations with near-surface air temperature using the
cumulative positive degree day metric, cPDD. The inter-annual variability in melt lake
volume and cPDD for the five lakes indicates no clear trend in melt lake growth with
respect to either melt intensity (cPDD) or seasonal timing (date); that is, peak melt
volume does not occur at a certain cPDD or on a particular date. This suggests that
either local ice sheet topography may be a more dominant control on melt lake
volume patterns and/or that the depth-reflectance methodology does not adequately
represent melt lake inundation depth and volume.
To validate the depth-reflectance methodology, melt lake depth values were
correlated to depth measurements derived from a high resolution DEM. There is a
strong and statistically significant correlation between the two methods (r = 0.79, p <
0.05), but with an average overestimation depth of 4.8 m of the depth-reflectance
methodology. For additional validation, the depth-reflectance methodology was
applied to two lakes nearby the study area for which in-situ measurements were
available. Between the two methods, I found minimal difference in the maximum melt
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lake depth (~9%), indicating that the depth-reflectance methodology accurately
estimates melt lake inundation depth for supraglacial lakes.
I identified that in 71% of instances when the annual peak melt lake volume
occurs, the volume derived from the depth-reflectance methodology exceeds the
Krawczynski et al. (2009) threshold for hydrofracture. This indicates that over the
2000–2012 melt seasons, these five lakes had the potential to hydrofracture multiple
times, which can affect nearby ice flow velocity via basal lubrication.
As higher-resolution satellite data become available, lake bed topography
should be resolvable with greater precision. Additional work in relating satellite
reflectances to in-situ measurements and digital elevation data are needed to more
accurately estimate melt lake inundation depth, and thus melt lake volume, in the
climatically highly-sensitive ablation zone of the Greenland Ice Sheet.
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Chapter 5
Conclusions
Supraglacial melt lakes are a significant component of the Greenland ice sheet
hydrology and mass balance as they have the propensity to catastrophically drain; that
is, to hydrofracture and rapidly transfer large volumes of surface meltwater to the
englacial system. The injection of surface meltwater to the ice-bedrock interface
reduces basal friction and may explain the observed short-term increases in
summertime ice velocity. This dissertation has documented the application of remote
sensing and GIS techniques previously developed by others to the question of the
climate drivers that affect the, size, number, and spatial distribution of supraglacial
lakes in the ablation zone of western Greenland during the 2000 – 2012 melt seasons
(May–August). Improved understanding of the climatic controls on surface meltwater
storage in supraglacial lakes will help ice sheet modelers more precisely parameterize
the impacts of melt lakes on ice sheet hydrology and their contribution to global sea
level rise.
In Chapter 2, I introduced a novel tool for supraglacial lake mapping, FoveaPro
– a Photoshop plug-in – which semi-automates the identification and mapping of
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supraglacial lakes in high resolution (15 m) Landsat-7 imagery.

This technique

generates more precise spatial statistics on melt-lakes and their occurrence than
contemporary melt-lake mapping techniques (e.g., manual delineation), and speeds up
the processing of large numbers of images necessary for climatic analysis.
The key results in Chapter 2 show that over the study period (2000-2012), the
maximum average melt lake elevation (MAME) increased at a rate of 3.8 ma-1. This
pattern indicates an upslope extension of the ablation zone and the increased
formation of melt lakes at higher elevations as climate warming has proceeded. Further
expansion of melt lakes to higher elevations of the ablation zone increases the
likelihood of hydrofracturing events occurring with melt-lakes further inland. To better
understand the ice sheet’s response to spatio-temporal changes in the melt lake
distribution across the ablation zone, a more thorough understanding of the
supraglacial

environment,

including

surface

topography

and

water

routing

mechanisms, is needed.
Having determined the spatial distribution and temporal variations of melt lakes
in the study region, I then (Chapter 3) set out to identify the roles of local climate
variables and synoptic (regional) circulation patterns on melt lake area during the peak
melt period (PLP: 18 June – 03 July) for the study period. For this purpose, I utilized a
combination of weather station data and atmospheric indices (North Atlantic
Oscillation, and Greenland Blocking). Using linear and partial correlation analysis, I
identified two surface climate parameters in particular that have a strong statistically
significant combined effect on melt lake area; June mean temperature and May mean

135
incoming shortwave radiation receipt (SWD). The combination of high May SWD and
June temperature corresponds to a decrease in the mean monthly surface albedo
between May and June, which signals that the ablation zone absorbs the added energy
to enhance melting and produce larger melt lake areas. The significance of May SWD
is that it precedes the study-period average PLP, providing some amount of
predictability on the magnitude of melt lake area over the ablation zone several weeks
in advance.
Extremely high melt years, such as 2011 and 2012, are associated with midtropospheric ridging and warm air advection (corresponding to high frequency
Greenland Blocking and the NAO– mode). A localized feature evident during the
extremely high melt years of 2011 and 2012 are piteraq winds, which are pressuredriven winds that advect air from the ice sheet interior to produce warmer air at the
study area due to subsidence and adiabatic compression. This study has identified
particular atmospheric conditions optimal for the production of large melt-lake areas
across the JAR, and improves our understanding of the effect that climate variables
have on ice sheet surface hydrology.
Building on the roles of local climate and regional atmospheric circulation
controls in melt lake spatio-temporal variability demonstrated in Chapter 3, I next
(Chapter 4) turned to the issue of relating volumetric changes in supraglacial lakes to
the required sensible energy (i.e., cumulative positive degree day metric, cPDD) to
produce the meltwater. For this purpose, I applied a depth-reflectance methodology to
panchromatic Landsat-7 imagery in order to estimate inundation depth, and thus

136
derive melt lake volume for five supraglacial lakes in the JAR. To validate my results on
melt lake parameters, such as melt lake depth, area and volume, I compared them to
in-situ melt lake measurements. The good agreement between the two datasets
indicates that application of the depth-reflectance methodology to Landsat-7 imagery
is an appropriate method for estimating melt-lake depth and volume for melt lakes
over the JAR. In 71% of instances for which peak melt lake volume occurs, the lake
area and volume estimates exceed the Krawczynski et al. (2009) threshold for
hydrofracture. This suggests that for the 2000–2012 melt seasons, these five melt lakes
have the capacity to repeatedly transfer surface meltwater to the englacial system.
Calculating melt lake volume using a remotely-sensed based approach is an
advancement over using melt lake area, as it more accurately represents the storage of
surface meltwater on the ice sheet surface.
Finally, a few statements can be made on the larger implications of this
dissertation research. Under scenarios of continued climate warming, increases in
surface and air temperatures will produce higher amounts of surface meltwater along
the margins of the GrIS. The increase in temperatures and meltwater production will
result in larger melt lakes that will continue to form at higher elevations of the ice
sheet. As a higher number of melt lakes of increased size occur, they will be
sufficiently large to hydrofracture and transfer large volumes of surface meltwater to
the englacial system, further decreasing basal friction and enhancing ice flow. The
added mass loss will further accelerate Greenland’s contribution to global sea level
rise and the attendant risks to global coastal populations.
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Appendix A: Correlations of Fovea-Pro–derived Spatial Statistics
Following are the correlation values (r) between satellite-derived and temperature
variables assessed in this study. Maximum lake area, total area, count, mean lake area
values are all derived from the FoveaPro techniques outlined in Chapter 2. Mean
elevation data is measured from the GLAS/ICESat DEM provided by DiMarzio et al.
(2007). Surface temperature data come from the JAR-1 automated weather station,
which is part of the Greenland Climate Network (GC-Net). The temporal periods are
broken down as: Early (29 May – 17 June), Peak (18 June – 02 July), and Late (03 July –
25 August) melt periods, and Seasonal mean temperature (29 May – 25 August).

Maximum Lake
Area (km2)
Total Area
(km2)
Count
Mean Lake
Area (km2)
Mean
Elevation
Early Melt
Period
Peak Melt
Period
Late Melt
Period
Seasonal
Mean

Total Area
(km2)

Count

Mean Lake
Area
(km2)

Mean
Elevation
(m)

0.38
-0.01
0.65

0.78
0.36

-0.18

0.81

0.51

0.12

0.65

0.18

0.18

0.03

0.31

0.32

0.24

0.40

0.21

0.41

0.29

0.02

0.40

0.22

0.29

0.20

0.16

0.36

0.17

0.37

0.30
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Appendix B: Correlations of Atmospheric Variables to Melt Lake Area
and Melt Lake Count
The two parameters used to represent the amount of meltwater on the study area are
total melt lake area (Area) and melt lake count (Count). Below are the linear
correlation coefficients for the two parameters and the atmospheric variables used in
this study. An asterisk (*) denotes instances for which the correlation coefficient is
statistically significant.

June

May

Variable
Count
NAO
SWD
SWU
Albedo
RN
Wind Speed
Wind Direction
Pressure
Temperature
Z500
IBD
NAO
SWD
SWU
Albedo
RN
Wind Speed
Wind Direction
Pressure
Temperature
Z500

Area
0.85*
-0.64*
-0.58*
-0.56
-0.48
0.16
-0.56
-0.58*
0.45
0.77*
0.37
0.24
-0.19
0.85*
0.02
-0.32
0.01
0.72
-0.41
-0.25
0.16
0.45

Count
-0.40
-0.51
-0.50
-0.44
0.28
-0.52
-0.18
0.23
0.73*
0.13
0.57
-0.04
0.89*
0.06
-0.30
-0.04
0.72
-0.43
-0.34
0.23
0.51
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Appendix C: Correlations of Atmospheric Variables to Melt Lake Area
Variables correlated, using the Pearson’s correlation (r), to melt lake area for three time
periods during the melt season: mean monthly May, mean monthly June, and mean
May-June months. Values with an asterisk (*) indicate that the correlation is statistically
significant at the p < 0.05 level.

Variable

May Mean

June Mean

May-June Mean

NAO

-0.18

-0.64 *

-0.55

SW Down

0.85 *

-0.58 *

-0.26

SW Up

0.01

-0.55

-0.51

Net Radiation

0.01

0.15

0.45

Wind Speed

0.72

-0.56 *

-0.5

Wind Direction

-0.41

-0.57 *

-0.32

Zonal

0.64

0.49

0.52

Pressure

-0.24

0.45

0.05

Temperature

0.16

0.76 *

0.40

Geopotential Z (500 mb)

0.44

0.36

0.47

IBD

-0.26

0.21

-0.08
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Appendix D: Atmospheric Pressure Correlations
Table of correlation values between atmospheric pressure from surface measurements
(JAR-1 AWS) and mid-tropospheric reanalysis data (NCEP/NCAR) for May and June
months of 2000–2012.

Variable

May

June

Sea level Pressure

r = -0.24
p = 0.59
r = 0.48
p = 0.15

r = 0.45
p = 0.14
r = 0.36
p = 0.24

500 mb geopotential height
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Appendix E: Correlation Values for Total Melt Lake Area and NAOI
Table of total melt lake area during the Peak Melt Period and North Atlantic
Oscillation Index (NAOI) values for months between March and June for the 2000 –
2012 melt seasons. The last three columns are the mean NAOI for the time period
(e.g., May through June of a given year). The last two rows give the correlation (r) and
coefficient of determination (r2) during these months related to melt area in the
ablation zone.

May-

April-

June

June

0.77

0.78

0.51

0.57

0.00

-1.26

-0.11

-0.07

-0.37

-0.22

1.18

0.69

0.08

0.45

0.51

-0.07

-0.18

-0.18

0.32

-0.13

-0.14

-0.03

33.37

-0.89

0.19

1.15

1.02

-0.35

0.15

0.37

2005

14.49

-0.05

-1.25

-0.30

-1.83

-0.65

-0.53

-0.86

2006

7.31

0.84

-1.14

1.24

-1.28

-0.15

0.31

-0.09

2007

37.81

-1.31

0.66

0.17

1.44

-0.32

-0.16

0.24

2008

38.00

-1.39

-1.73

-1.07

0.08

-1.56

-1.39

-1.03

2009

17.58

-1.21

1.68

-0.20

0.57

0.24

0.09

0.21

2010

25.42

-0.82

-1.49

-0.72

-0.88

-1.15

-1.01

-0.98

2011

55.38

-1.28

-0.06

2.48

0.61

-0.67

0.38

0.44

2012

50.60

-2.53

-0.91

0.47

1.27

-1.72

-0.99

-0.43

-0.64

-0.17

0.40

0.57

-0.56

-0.20

0.08

0.41

0.03

0.16

0.32

0.31

0.04

0.01

Year

Area

June

May

April

March

2000

6.80

-0.03

1.58

-0.03

2001

23.13

-0.20

-0.02

2002

42.93

0.38

2003

-

2004

Correlation (r)

March-June

Coefficient of
Determination
(r2)
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Appendix F: DEM Acquisition Dates for Chapter 4 Study Area
The Surface Extraction with TIN-based Search-space Minimization (SETSM) digital
elevation model (DEM) uses a combination of DigitalGlobe, Inc. and Worldview-1 and
2 imagery to derive a surface DEM over high impact locations in the Arctic. The
present study utilizes two SETSM DEM tiles that are located over the Jakobshavn
Ablation Region (JAR) are compared to estimated melt-lake depths and to the in-situ
melt lake depth measurements given in Box and Ski (2007). The table below (Table F1) shows the image acquisition dates for the DEM of these melt lakes. Ablation zone
elevations change dramatically on intra-seasonal and inter-annual time scales due to
the presence, amount and density of snow and firn. The SETSM DEM therefore does
not precisely represent the variability in ice sheet surface topography at the interannual time scales of this study.

Table F-1 Acquisition dates of DigitalGlobe, Inc. and Worldview-1 and 2 satellite
imagery used to develop the SETSM DEM (Noh and Howat, 2014).
Lake
Tyra

SETSM DEM Satellite Image Acquisition Date
26 August 2012 and 18 March 2011

Raja

08 July 2012

Sharon

08 July 2012

Jinkx

08 July 2012

Bianca

28 May 2013

A*

08 July 2012

B*

08 July 2012

*Lakes A and B are from Box and Ski (2007), and are used in this study to
validate the efficacy of the SETSM DEM.
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Appendix G: Equations to Calculate Landsat-7 Reflectance
The set of equations below, from Chander et al. (2009), were used to covert the
Landssat-7 data from digital number (DN) to at-sensor reflectance (Equation G-1), and
from at-sensor reflectance to at-sensor radiance (Equation G-2).

𝐿! =   

!"#$! !!"#$!
!!"#$"% !!  !"#$%&

𝑄!"# − 𝑄!"#$%& + 𝐿𝑀𝐼𝑁!

(G-1)

where
Lλ = Spectral radiance at the sensor's aperture [W/(m2 sr µm)]
Qcal = Quantized calibrated pixel value; the digital number [DN]
Qcalmin= Minimum quantized calibrated pixel value corresponding to LMINλ [DN]
Qcalmax = Maximum quantized calibrated pixel value corresponding to LMAXλ [DN]
LMINλ = Spectral at-sensor radiance that is scaled to Qcalmin [W/(m2 sr µm)]
LMAXλ = Spectral at-sensor radiance that is scaled to Qcalmax [W/(m2 sr µm)]
For the 8-bit Landsat-7 sensor, the values of Qcalmax and Qcalmin are 255 and 0,
respectively.

!  !   ! !

𝜌! = !"#$ !   cos !
!

!

where
ρλ = Planetary TOA reflectance [unitless]
Lλ = Spectral radiance at the sensor's aperture [W/(m2 sr µm)]
d = Earth–Sun distance [astronomical units]
ESUNλ = Mean exo-atmospheric solar irradiance [W/(m2 µm)]
θs = Solar zenith angle [degrees]

(G-2)
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Appendix H: Data on Supraglacial Lakes from Box and Ski (2007)
The information below was used to determine the offset of the SETSM DEM to in-situ
data on Lakes A and B of Box and Ski (2007), in the present study.

Their data

acquisition occurred on 14-15 August 2005, and the satellite acquisition date is 16
August 2005.
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