
Abstract
The Greenland Ice Sheet is the largest ice sheet in the northern hemisphere. Ongoing melting of the ice
sheet, resulting in increased mass loss relative to the longer term trend, has raised concerns about the
stability of the ice sheet. Melt water generated at the surface is temporarily stored in supra-glacial lakes
on the ice sheet. Connections between melt water generation, storage and ice sheet dynamics highlight the
importance of the surface hydrological system.

In this thesis methods are developed that improve our ability to observe the supra-glacial lake system on
the west Greenland Ice Sheet. This region of the Greenland Ice Sheet has the most extensive supra-glacial
hydrological system with a dense network of streams connecting lakes that can exceed several square
kilometres in area. Synthetic Aperture Radar (SAR) and visible-near infrared (VNIR) images are used to
explore the potential of different sensor systems for regular observations of the supra-glacial lakes. SAR
imagery is found to be a useful complement to VNIR data. VNIR data from moderate resolution sensors
are preferred as these provide high temporal resolution data, ameliorating problems with cloud cover.

The dynamic nature of the lakes makes automated classification difficult and manual mapping has been
widely used. Here a new method is proposed that improves on existing methods by automating the
identification and classification of lakes, and by introducing a flexible system that can capture the full range
of lake forms. Applying our new method we are better able to analyse the evolution of lakes over a number
of melt seasons. We find that lakes initiate after approximately 40 positive degree days. Most lakes exist for
less than 20 days before draining, or later in the season, and less often, freezing over. Using the automated
method developed in this thesis lakes have been mapped in imagery from 2001–2010 at approximately five
day intervals.

Keywords: Supra-glacial lakes, Greenland Ice Sheet, Ice melting, Remote sensing, SAR, MODIS, Time-
series analysis

-

1

maleri
Rektangel



Sammanfattning
Den Grönländska inlandsisen är den enda inlandsisen på det norra halvklotet. Den lagrar stora mängder
sötvatten och påverkar såväl havs- som atmosfärscirkulationen. Varje vår–höst smälter is och snö på ytan
i ett område som sträcker sig längs hela ismassans kant. Under de senaste 30 åren har ytan som påverkas
av smältning ökat. Detta har resulterat i en accelererad förlust av isvolym. Dessutom har samband mellan
smältvattenförekomst och ishastigheter etablerats. Detta har väckt frågor kring stabiliteten hos inlandsisen
i perspektivet av den pågående klimatförändringen. Det är därför viktigt att undersöka under hur lång tid
smältvatten finns tillgängligt och var på ytan av isen det finns.

Smältvatten bildas på ytan av isen varje sommar när lufttemperaturen överskrider noll grader. Vattnet
ansamlas bland annat i så kallade supraglaciala sjöar som utgör en del av inlandsisens ytvattenshydrologi.
Dessa sjöar är ofta sammankopplade med varandra genom flodsystem och utbyte av smältvatten mellan
sjöar är vanligt. I den områden som studeras i den här avhandlingen är sjöarnas ytarea i genomsnitt 2
km2. Vi har funnit att sjöarna initieras efter ca 40 så kallade positiva graddagar, definierade som summan
av positiva dygnsmedeltemperaturer. Sjöarna är endast öppna under sommarmånaderna, och kan då
identifieras och undersökas. Efter smältsäsongen dräneras sjöarna eller fryser till. Det innebär att ur en
fjärranalytisk synvinkel har sjöarna försvunnit under vintern. Dränering är det vanligaste sättet för en
sjö att sluta existera och sker i genomsnitt ca 20 dagar efter att sjön bildades. Dräneringen sker antingen
genom det englaciala hydrologiska systemet eller genom ytdränering. Djupbrunnar eller moulins är en del
av det englaciala systemet och genom dessa kan vattnet transporteras från ytan ner till botten på isen. På
den sydvästra delen av den Grönländska inlandsisen finns ett omfattande ytdräneringssystem som förbinder
sjöarna. Det är också inom det området som de flesta glaciala sjöstudier genomförts - så även den här.

För att studera de supraglaciala sjöarna används vanligen passiva satellitsensorer som till exempel
Landsat-7 ETM+ och MODIS. Dessa sensorer använder sig av synliga och nära infraröda våglängder
(VNIR). I bilder från dessa sensorer kan sjöarna identifieras som mörka objekt mot en ljusare bakgrund.
VNIR-vågor kan dock inte penetrera moln. Det kan dock strålning med de våglängder som används av
Syntetisk aperturradar (SAR). VNIR- och SAR-sensorer har använts för att utforska potentialen hos olika
sensorsystem för regelbundna observationer av de supraglaciala sjöarnas antal och storlek. För regelbundna
observationer har VNIR-data från sensorer med medelstor rumslig upplösning varit att föredra, eftersom de
samlar in data med hög tidsupplösning. Den höga tidsupplösningen kan lindra konsekvenserna av problem
med mycket moln som hindrar observation. Under uppemot 70% av sommaren täcks studieområdet av
moln. Alternativt kan SAR-bilder användas för att komplettera VNIR-bilder vid molniga tillfällen. Dock
är användningen av SAR bilder inte problemfri då sjöar inte kan identifieras i våta områden på isen.

Metoder för identifiering och kartläggning av supraglaciala sjöar med hjälp av VNIR bilder är ett relativt
nytt område. Den dynamiska karaktären hos sjöarna gör det svårt att utveckla automatiserade klassificer-
ingsmetoder och därför har manuell kartläggning använts i stor omfattning. I den här avhandlingen föreslås
en ny metod som förbättrar befintliga metoder genom att automatisera identifieringen och klassificeringen
av sjöar. Metoden är flexibel och kan anpassas efter tid på året. Vanligen rapporteras det totala antalet sjöar
och deras ytareal. Den nya metoden har utvecklats för att bättre kunna analysera utvecklingen av sjöar un-
der ett antal smältsäsonger, bland annat genom att leverera ett bredare spektrum av parametrar. Exempelvis
beräknas avståndet mellan sjöarna och deras djup. Detta gör att tids- och rumsliga förändringar i det ythy-
drologiska systemet lättare kan studeras. Genom att använda den framtagna automatiska metoden har sjöar
kartlagts i bilder från 2001–2010 med en tidsmässig upplösning på ungefär fem dagar. Fördjupad kunskap
om sjöarnas utveckling kan i framtiden användas i modeller av inlandsisens ytvattenshydrologi.
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Introduction

The Greenland Ice Sheet is the second largest ice mass
on the planet. The behaviour of the Greenland Ice Sheet
is closely connected to temperature (Alley et al., 2010),
where the mass increases with cooling and reduces
with warming. Zwally et al. (2011) showed that the
Greenland Ice Sheet has undergone a significant thin-
ning along the margins during 2003–2007 compared to
the 1990s. At the same time the ice thickness has in-
creased in the centre. Since 1979 the melt area has in-
creased (Fettweis et al., 2011) and from 1992 until 2002
this increase was approximately 16% (Steffen et al.,
2004). Large scale investigations (Rignot and Kana-
garatnam, 2006; van den Broeke et al., 2011b) indicate
that since 1996 the ice discharge has increased. Further-
more, from 2000 until 2008 the mass loss was approxi-
mately 1500 Gt, equivalent to 0.46 mm/yr in global sea
level rise (van den Broeke et al., 2009a). This mass
loss is caused by multiple mechanisms, including ac-
celeration of marine-terminating glaciers in the south-
east, west and northwest of Greenland (Joughin et al.,
2004; Howat et al., 2005, 2007; Rignot and Kanagarat-
nam, 2006; Khan et al., 2010; Moon and Joughin, 2008)
and increased run-off (Hanna et al., 2008; Mernild et al.,
2010). The loss of the front of Petermann glacier (Fig-
ure 1) in 2010 (Nansen Environmental and Remote
Sensing Center, 2011; NASA, 2012a; Canadian Ice Ser-
vice, 2012; ESA, 2012b; Nick et al., 2012) further in-
dicate ongoing dynamic changes on the Greenland Ice
Sheet.

This thesis focuses on one piece of this puzzle; the
snow and ice melt and the accompanying surface hy-
drological system. The hydrological system is a com-
bination of lakes, rivers and moulins (Figure 2). The
former provide a temporary storage of melt water and
the latter remove melt water from the ice sheet surface.
Rivers are the obvious connectors between lakes, and
from lakes to moulins. The supra-glacial lakes have at-
tracted interest in the last decade since it was shown
that there are connections between melt and increased
ice sheet velocities (Zwally et al., 2002; Joughin et al.,
2008; van de Wal et al., 2008; Shepherd et al., 2009;
Palmer et al., 2011; Bartholomew et al., 2011; Hoffman
et al., 2011). Field studies by Das et al. (2008) con-
firmed that lakes could drain from the surface and that
the melt water could reach the bed within as little as
2 hours. This confirmed that connections between sur-
face and bed hydrological systems can be established
over short timescales. Drainage can also mean that melt

water is transported from one lake to another. On occa-
sions this means that water is transported from higher to
lower altitude and in doing so drains the lakes at higher
altitude (Figure 2a). Hence, supra-glacial lakes are of
interest if we are to better understand the dynamic re-
sponse of the Greenland Ice Sheet, to recent climate
change, particularly in west Greenland where the ma-
jority of the lakes are found (Selmes et al., 2011). Due
to the abundant number of lakes on the southwest coast
this thesis focuses on study areas close to Kangerlus-
suaq (Figure 1c) on the west coast of the Greenland Ice
Sheet.

In this thesis we investigate the use of satellite re-
mote sensing imagery in the identification and mapping
of supra-glacial lakes in west Greenland. The use of
different types of satellite imagery, using optical sen-
sors and active microwave sensors is explored in pa-
pers I and II. In order to improve upon existing semi-
automated and automated methods a new approach to
lake identification and mapping is presented. This ap-
proach, the Automatic Lake Classification (ALC) ap-
proach, allows us to map lakes that have proved dif-
ficult to map in previous studies. Furthermore, in us-
ing object oriented classification we are able to extract
a wider range of parameters that describe the size and
form of lakes. Applying the ALC approach to data from
2001–2010 inter-annual variations in lake distribution
are mapped. Using in situ temperature data the energy
required to initiate lake formation is investigated and a
proxy of the energy available for melting snow and ice
is estimated. The processes of lake closure are reported
and thus the life cycle of lakes is mapped in space and
time.

Aims and objectives
This research aims to improve our understanding of the
surface hydrology of the Greenland ice sheet by:

• improving methods for the identification and map-
ping of supra-glacial lakes on the west Greenland
Ice Sheet,

• analysing the spatio-temporal variations in lake
size, shape and distribution,

• investigating the controls on lake form and distri-
bution at high temporal resolution over multiple
melt seasons.
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a) b) c)

Figure 1: a) Greenland Ice Sheet (NASA, 2012c) b) A Global Digital Elevation Map (GDEM) of the Greenland
Ice Sheet (DiMarzio et al., 2007). The contours are measured in meter a.s.l. The rectangle indicate the study
area shown in c. c) A Moderate Resolution Imaging Spectroradiometer (MODIS) image from the 17 July 2008
showing the area under study here. Weather stations along the K-transect (van den Broeke et al., 2009b; van As
et al., 2012) are indicated with filled red circles, the town of Kangerlussuaq is indicated with a red triangle and
the weather station at Swiss Camp is indicated with a red square.

Supra-glacial lakes

Governing factors for lake presence

The size, appearance and location of a surface lake
is mainly governed by two features; induced melt en-
ergy and topography. Lakes form in depressions on the
surface or by flooding in areas with restricted outflow,
where the inflow is larger than the outflow. The sur-
face topography is mainly controlled by the underlying
bed topography. Consequently, many lakes reappear in
the same locations year after year (Echelmeyer et al.,
1991).

Lakes on the Greenland Ice Sheet cannot form un-
less temperatures are above freezing. Once melt is ini-
tiated, water starts percolating down through the snow,
and provided that there is a depression, a lake starts to
form. Since such melt conditions are only met from
spring to autumn, open water lakes only occur for a
limited time period each year; the melt season. In Fig-
ure 3a–d the temperature evolution in Kangerlussuaq
for the years 2007–2010 is shown. The white sections
in Figure 3a–d indicate the extent of the melt seasons
of 2007–2010 where lakes are present. Close examina-
tion of temperature records reveal that the melt season
is different each year. In 2009, for example, mean daily
temperatures remained above 0◦C throughout the melt

season (i.e. there were no intermediate days recording
negative temperatures.) In the melt seasons of 2007,
2008 and 2010, the temperatures shift between above
or below 0◦C in the beginning and end of the melt sea-
sons. The melt season is defined as the time of the year
with temperatures above 0◦C.

Air-temperatures decrease with increasing elevation;
this change is often referred to as lapse rate. This im-
plies that snow and ice surfaces at lower altitudes expe-
rience more added melt energy during the melt season
than higher altitudes. For estimates of added melt en-
ergy at higher altitudes within this thesis, temperatures
at higher elevations are calculated using the lapse rate
estimates of Fausto et al. (2009). These imply an av-
erage decrease of approximately 5.85◦C with every 1
km elevation increase during the melt season, May un-
til October. Most lakes are located above 1000 m a.s.l.,
where temperatures thus are approximately 6◦C lower
than in Kangerlussuaq, which is situated close to sea
level. This implies that the length of the melt season is
shorter at 1000 m a.s.l. than at sea level. As observed
by Krabill et al. (2000) in the north part of the Green-
land Ice Sheet most areas above 2000 m a.s.l. lie above
the region of summer melting. In the south most re-
gions above 2000 m a.s.l. are exposed to melting (Kra-
bill et al., 2000).
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a) b)
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Figure 2: Snapshots of the hydrological system on the Greenland Ice Sheet within the Russel Glacier catchment
(Figure 1). a) Two lakes connected by a river, the upper left lake is situated uphill from the lower left lake. b)
Lake Z taken on 27 of July. Lake Z has an area of 12.3 km2 and a circumference of 20 km. Comparing this
with Figure 11a we can see that between the Landsat image acquisition and this photo the floating ice seen in the
Landsat image has melted. c) River d) A picture of the Big Blow moulin indicated in Figure 11a. With the author
for scale.

Lake evolution (The life and death of supra-
glacial lakes)

During the melt season supra-glacial lakes develop
through one of two principal mechanisms: either the
snow and ice cover on perennial lakes begins to melt,
revealing the lake, or a pre-existing depression is filled
with melt water as the snow and ice in the catchment
melts (Sundal et al., 2009). Given the small ampli-
tude of the depressions and the steepness of the slope
along the front lakes located here remain small, typi-
cally 0.5 km2 in area (Paper III). Once the melt season
progresses, lakes develop further inland and in doing
so occur at progressively higher altitudes (Sundal et al.,
2009). The initiation of lakes also spreads northward

during the melt season. Sundal et al. (2009) identified
that the trends in lake evolutions are similar in the north
and the southwest parts of the Greenland Ice Sheet, but
that lakes in the north do not occur at the same high
altitudes as in the southwest parts. This is probably a
result of the lower temperatures and consequently the
smaller amount of induced energy in the northern part
compared to the southwestern part. The following dis-
cussion is valid for the study area in the southwestern
part of the Greenland Ice Sheet.

For the discussion about lake evolution the lakes have
been separated into three elevation bands, <1000 m
a.s.l., 1000–1500 m a.s.l. and >1500 m a.s.l. These el-
evation bands were defined by van de Wal et al. (2008).
The upper limitation was set based on the location of
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Figure 3: Temperature record from Kangerlussuaq during a) 2007, b) 2008, c) 2009 and d) 2010. The white areas
indicate that lakes were present during this time. The grey areas indicate that lakes were not present. Cumulative
positive degree days (PDDs) at different altitudes for 2007–2010 at e) 800 m a.s.l. f) at 1200 m a.s.l. and at g)
1600 m a.s.l.

the equilibrium line altitude (ELA), situated at 1500
m a.s.l. for this area (van de Wal et al., 2008). The
mid-elevation band was set since presence of melt wa-
ter within this altitudinal range were connected to in-
creased ice sheet velocities (van de Wal et al., 2008).
Lakes at mid-altitudes (1000–1500 m a.s.l.) occur
within a relatively stable environment with melt energy
input through most of the melt season. Lakes at mid-
altitudes have, possibly due to their longer lifespan, the
possibility to develop a greater depth and hence con-
tain larger water volumes. At higher altitudes (>1500
m a.s.l.) the temperature is lower and the melt season
shorter. This limits the melt and hence the potential size
of the lakes. Therefore, lakes at higher altitude, above
1500 m a.s.l., exhibit similar areas as the lakes at the ice
front (Paper III).

The lower temperatures and the shorter melt seasons
at higher altitudes also limit the altitudinal extent of the
lakes. On average lakes in the region of the Southwest
Greenland Ice Sheet studied in Paper II and III have an
estimated mean lake area of 2 km2. For scale the FP
(Frozen Planet) lake in Figure 4 has an area of 1.8 km2.
Within our study areas lakes were observed up to 2500
m a.s.l. (Paper III).

The lakes have a short lifespan of approximately 20
days averaged over different altitudes (Paper III) and
cessation occurs in one of two ways, drainage (Das
et al., 2008; Selmes et al., 2011) or freezing (Selmes
et al., 2011, Paper III). Out of these two, drainage is the
more common mechanism, comprising approximately
84% of all lake disappearances (Paper III). Drainage
comprises processes such as drainage from one lake to
another via a river (Figure 2a), overflow along the ice
surface or transportation of water from the surface to
the englacial system and/or the bed (Das et al., 2008).
The latter can reduce the friction between the ice and
the bed. Furthermore, melt water availability at the
surface has been connected to seasonal (Zwally et al.,
2002; Joughin et al., 2008) and diurnal (Shepherd et al.,
2009) fluctuations in ice velocities. van de Wal et al.
(2008) noticed that this effect is probably local and does
not affect the entire surrounding area.

As shown by Steffen et al. (2004) the area affected
by melt during the ablation season has increased since
1992. The altitudinal and areal melt extent differs be-
tween different melt seasons (Steffen et al., 2004). Re-
gardless of the areal extent, drainage spreads to higher
altitudes during the melt season (Bartholomew et al.,
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a) b)

Figure 4: a) Overview of a small section of the Greenland Ice Sheet within the Russel glacier catchment, close to
Kangerlussuaq. The FP (Frozen Planet) lake seen in the upper left corner has an area of 1.8 km2. For scale see
the camp site (Camp) where the larger tents can hold 14–20 people. b) Example of a river cutting through a lake
(Lagoon 1) and in doing so draining said lake. Lagoon 1 is indicated with the dashed line. The previous outline of
the lake can be seen, however the lake itself is gone. The black dots within the solid circle are four persons. The
two photographs are taken at different angles.

2011; Lampkin, 2011). This spread is accompanied
with an up-altitudinal movement of the supra-glacial
lakes. Moreover, this the up-altitudinal spread in melt
water availability is accompanied with effects on the ice
sheet velocity. The drainage pattern of a lake is at least
partially controlled by its location on the Greenland Ice
Sheet; 61% of the fast drainage events (<2 days) oc-
cur on the Southwest part of the ice sheet. This is also
where the majority (66%) of supra-glacial lakes are lo-
cated (Selmes et al., 2011). Hence, the supra-glacial
system studied consists of lakes with a short lifetime.
The median lake area is dependent on the altitude and
the lakes cease to exist either through drainage or freez-
ing.

Previous investigations of supra-glacial
lakes
The first published observations of supra-glacial lakes
were, to my knowledge, made by Echelmeyer et al.
(1991) on the Southwest margin of the Greenland Ice
Sheet. The relatively high proportion of lakes within
this region compared to the rest of the Greenland Ice

Sheet and the dynamic nature of the lake environment
(Selmes et al., 2011) here, has led to a focus of lake
studies on the Southwest part of the Greenland Ice
Sheet, for example Lüthje et al. (2006); McMillan et al.
(2007); Georgiou et al. (2009); Sundal et al. (2009);
Bartholomew et al. (2011) and Paper III.

Almost all published studies of supra-glacial lakes
make use of some kind of satellite data for at least part
of their study. For studies focused on smaller regions
or of a limited number of lakes, multispectral satellite
images such as those from Advanced Spaceborne Ther-
mal Emission and Reflectance Radiometer (ASTER) or
Landsat-7 Enhanced Thematic Mapper Plus (ETM+)
are mainly used. Example of lakes within a Landsat-
7 ETM+ images is seen within Figure 5. In such
studies, accurate manual delineation of lake extent is
mainly used. Examples include lake volume estimates
by McMillan et al. (2007) and connection of lake evolu-
tion to specific ranges of induced melt energy by Geor-
giou et al. (2009). High spatial resolution images are
also typically used for validation of results based on
medium resolution imagery such as data from the Mod-
erate Resolution Imaging Spectroradiometer (MODIS).
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Studies utilising MODIS images include those of yearly
changes in total lake area extent (Sundal et al., 2009)
and drainage patterns (Selmes et al., 2011, Paper III).
The MODIS instrument is carried onboard two satel-
lite platforms, Aqua and Terra. Both have a high re-
visit time with multiple images each day at northern
latitudes. The Aqua satellite platform is specifically de-
signed for studies of the oceans and the Terra satellite
is specifically designed for studies of the continents.
Therefore, most supra-glacial lake studies use images
from the Terra satellite. Seasonal and inter-annual in-
vestigations have often employed MODIS data, exploit-
ing the high temporal resolution of the sensors (Box and
Ski, 2007; Sundal et al., 2009). When using MODIS
images, different types of automatic methods for lake
extent delineation are favoured. Sundal et al. (2009)
used a single threshold method developed by Box and
Ski (2007) to differentiate between melt water and ice,
exploiting the different sensitivity to water of MODIS
bands 1 and 3. Sneed and Hamilton (2007) also showed
that bands 1 and 3 in ASTER images could be used to
automatically detect pond extent and estimated water
depths in ponds on the east coast of Greenland. This
method was further employed by Georgiou et al. (2009)
for lake volume estimates of a single lake. Georgiou
et al. (2009) applied the method to Landsat ETM+ im-
ages using bands with wavelengths corresponding to
bands 1 and 3 in ASTER images. Inspired by these re-
sults, in Paper IV an automatic method for extraction of
lakes in MODIS images is developed, utilizing bands 2
(green) and 4 (near-infrared). This adaptive lake clas-
sification method (ALC) exploits the characteristics of
the changing nature of the lakes and their surroundings.
ALC utilises five rule sets, implemented successively,
to capture the full range of lake morphologies.

The higher the spatial resolution of an image, the
smaller the lakes that can be identified. Krawczynski
et al. (2009) estimated that 98% of all the melt wa-
ter held in supra-glacial lakes was kept in larger lakes.
Larger lakes in this case imply lakes with an area larger
than one MODIS pixel (250 × 250 m). This implies
that even if small lakes are missed when a medium spa-
tial resolution image is used, such as MODIS or Envisat
ASAR wide swath, it will most likely not affect the total
lake area estimates (Paper I). For a lake to be identified
within an optical image it must be at least one pixel and
in SAR images it must be at least four pixels large. The
higher amount of pixels needed for lake identification
in SAR images relates to speckle (noise).

Total or partial cloud cover can be problematic for

Figure 5: A true color Landsat-7 ETM+ image from
5 July 2008. The darker the blue color the deeper the
lake. Five of the eight lakes within this images have
some lake ice coverage.

imaging at visible and infrared wavelengths. Cawkwell
and Bamber (2002) showed that the cloud cover can be
up to 70% during the melt season. The transect used for
this study was located at 67.5◦ (south of our study ar-
eas) spanning the entire Greenland Ice Sheet. Tentative
studies in Paper I and Paper II have made use of images
from multiple Synthetic Aperture Radar (SAR) sensors,
such as those onboard ERS-2, Envisat and Radarsat-1.
The study in Paper II indicates that winter SAR images
can be used to measure the maximum yearly total lake
area during the previous summer. Agreement between
total lake area estimates between different satellite im-
ages with similar ground resolution was found in Pa-
per I. This agreement is partially a result of the peak
melt season images used. Furthermore, C-band SAR
can penetrate the dry snow of the ice sheet and detect
lakes that may retain a surface ice cover throughout the
ablation season in some years; such lakes would be un-
detectable in visible-infrared imagery.

To conclude, for most lake studies satellite images
have been used. Optical images have been favoured due
to their high revisit time or their high spatial resolution.
Furthermore, methods by Box and Ski (2007); Sneed
and Hamilton (2007) showed that separation of water
from surrounding ice and snow is possible in optical
images using automatic methods.
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Study area and environment
Generally the ice sheet surface is progressively steeper
closer to the margin and flattens out at higher altitudes
(Figure 6). At the centre of the Greenland Ice Sheet the
thickness is roughly 3.5 km (Figure 1). The ice within
this region is also frozen to the bed (Alley et al., 2010).

This thesis focuses on the Southwestern part of the
Greenland Ice Sheet (Figure 1c). One reason for this
is the relatively high number of lakes in this area com-
pared to the rest of the ice sheet (Selmes et al., 2011).
Hence, this area can provide a larger statistical dataset
for analysis than an area with few lakes. The South-
western part of the ice sheet used within this study
contains the Russel glacier catchment area. The catch-
ment has seen numerous studies of supra-glacial lakes.
Examples includes those using remote sensing such as
Sundal et al. (2009); Bartholomew et al. (2011) and Pa-
per III. Extensive field work using ice-penetrating radar
and active and passive seismic sensors as a part of the
Greenland Analogue Project (GAP) is also carried out
within this catchment. Multiple supra-glacial lake stud-
ies each assessing different aspects of the lake evolution
reside within this region. Making this region favourable
when assessing changes and effects of the surface hy-
drological system.

Moreover, the Southwestern part of the ice sheet is
less often cloud covered than for example the south-
ern part. This provides more favourable conditions for
supra-glacial lake studies relying on optical satellite im-
ages.

Furthermore, this area is well covered by meteoro-
logical stations; many of them part of the Greenland
Climatic Network (GC-Net) (Steffen and Box, 2001).
Information about local meteorological conditions is
thus available. Seven of these stations are shown in Fig-
ure 1c. The weather stations S5 (490 m a.s.l.), S6 (1020
m a.s.l.), S9 (1520 m a.s.l.) (van den Broeke et al.,
2009b) and KAN−L (680 m a.s.l.), KAN−M (1270 m
a.s.l.) and KAN−U (1850 m a.s.l.) (van As et al., 2012)
are all situated within the study area. Along S5, S6 and
S9 surface mass balance (SMB) measurements are car-
ried out every year and hence the difference between the
accumulation and ablation can be estimated within this
region. The weather stations S5, S6 and S9 have been
in place since 2003 and the stations KAN−L, KAN−M
and KAN−U since autumn 2008.

The part of the ice sheet within the catchment area
consists of land terminating ice and although the flow
pattern is spatially highly variable (e.g. Palmer et al.

a)

b)

Figure 7: Ice sheet velocities within the Russel Glacier
catchment, west Greenland. a) is summer velocities and
b) is winter velocities. The velocities are overlayed on
a true colour composite MODIS image. Supra-glacial
lakes are clearly seen to the left of the 49◦ Latitude. Ve-
locity data were provided by Ian Joughin and the images
were produced by Andrew Fitzpatrick.
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2011; Figure 6) and exhibits temporal variations (e.g.
Shepherd et al 2009; Bartholomew et al. 2011) ex-
pected from any land-terminating glacier. The flow
pattern of the ice sheet within this region can be seen
in Figure 7). As can be seen within the images the
velocities are significantly higher during the summer
compared to the winter. There is a limited number of
nunataks within the region. Some of the nunataks can
be seen within Figure 7 as the blue areas in between
the fastest flowing regions. For all supra-glacial lake
studies these nunataks have been masked out within the
satellite images.

The study areas are all located within an area extend-
ing from 66◦N to 71◦N and from 46◦W to 52◦W (Fig-
ure 8). Nevertheless, the same study area is only used
twice, in Paper IV and V. Figures 8b–f indicate the study
areas used for the different papers. The background im-
age for Figures 8b–f is a MODIS image taken on the
17th of July 2008. This coincides with the peak of the
melt season.

The study area of Paper I (Figure 8b) was chosen
based on the availability of a range of different SAR
images as well as cloud free optical images during the
middle of the melt season. The latter limitation was set
since as high a number of lakes as possible was aimed
for, over as large a range of lake sizes as possible. The
availability of cloud free optical images was also the
controlling factor when the two study areas for Paper
III (Figure 8c) were chosen. In order to simplify com-
parisons with other studies of lakes on Greenland, the
study areas in Paper IV (Figure 8d) and V (Figure 8f)
were chosen to overlap previous studies by McMillan
et al. (2007); Lüthje et al. (2006); Sundal et al. (2009);
Bartholomew et al. (2011); Palmer et al. (2011). For
Papers II–V the upper altitudinal limitation in the study
area is set based on the maximum altitude extent of
lakes. The altitude increases to the right in Figure 8a
and reaches a peak of approximately 2000 m a.s.l. Few
lakes are situated at such high elevation. The abla-
tion zone within this part of the Greenland Ice Sheet
is approximatelly 100 km wide and the equilibrium line
(ELA) is at about 1500 m above sea level (van de Wal
et al., 2005; van den Broeke et al., 2011a).

Meteorology and melting
Since 1992 the GC-Net has gathered meteorological
data from many parts of Greenland. Within our study
areas the data from Swiss Camp (Swiss Camp, JAR 1–

3) and the K-transect data are the most useful. As stated
by van den Broeke et al. (2011a), the shortwave radia-
tion is the most important melt energy source for melt
at the stations S5, S6 and S9. However, in this thesis
the main focus has been on temperature related factors
such as mean daily surface temperature and cumulative
positive degree day (PDD) calculations.

The melting on the Greenland Ice Sheet is highly
correlated with PDD estimates (Braithwaite and Ole-
sen, 1987; Braithwaite, 1995). This high correlation
combined with the fact that the earliest weather mea-
surements along the K-transect were not established be-
fore 2003 has meant that within this thesis temperature
recordings from Kangerlussuaq (Danish Meteorologi-
cal Institute (DMI)) were mainly used. The simplicity
in the approach with PDDs implies that the values will
be indicative of melt, but will not provide the entire pic-
ture.

A PDD approach allows us to establish altitudinal
lapse rates providing spatial interpolation of proxy melt
observations. In Figure 9, the cumulative PDD for each
month (May until October) for the melt seasons of 2001
until 2010 are shown. Some inter-annual changes can
be seen here, most notably the low value in May 2005,
the high May value in 2010 and the higher values for the
years 2002, 2003 and 2010 in September. The temporal
evolution of the PDD can also indicate if there is a late
onset of the melt season during a year and if specific
years experienced prolonged melt seasons.

Data from 2001 until 2010 were used in the papers
included with this thesis. However, only one paper (Pa-
per V) used data from all these years. These years
include the recognized extreme melt seasons of 2007
and 2010 (Tedesco et al., 2008; van den Broeke et al.,
2011a). The other papers included data from some of
these years. The aim in Paper V was to investigate inter-
annual supra-glacial lake changes. In Papers I and II the
aim was to include as high a number of identified lakes
as possible and study changes in lake appearance in dif-
ferent types of satellite images. The choice of specific
melt season was therefore of minor importance. In Pa-
per III different melt seasons, with different temperature
evolutions (Figure 2), were used to test the hypothesis
that lakes were initiated at a specific amount of induced
melt energy, in terms of PDDs as a proxy. In this case
the melt seasons of 2007–2009 were chosen. In Paper
IV data from the melt season of 2007 were used to de-
velop the automatic lake extraction. The method was
then applied to data from the melt seasons of 2006 until
2010.
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a) b) c)

d) e) f)

Figure 8: a) Global Digital Elevation Map (GDEM) of the study area shown in b–f. The GDEM has 1 km spatial
resolution and is provided by the National Snow and Ice Data Center (DiMarzio et al., 2007). Weather stations
along the K-transect (van den Broeke et al., 2009b; van As et al., 2012) are indicated with filled red circles, the
town of Kangerlussuaq is indicated with a red triangle and the weather station at Swiss Camp with a red square.
The contours are measured in meter a.s.l. b) MODIS image from the 17 July 2008. Overlayed are the green lines
indicates the study areas used in Paper I. c) The green lines indicate the study areas used in Paper II. d) The green
lines indicate the study areas used in Paper III. e) The bright green line indicates the development area used in
Paper IV. The dark green line indicates the validation area used in paper IV. f) The solid green lines indicates the
study areas used in Paper V.

Remote sensing of lakes

For regional studies of the lakes on the Greenland Ice
Sheet, the use of satellite images is often necessary.
Multiple satellites carrying different types of sensors
are available. In supra-glacial lake research, mainly op-
tical and SAR sensors are used. Optical sensors are pas-
sive sensors and depend on solar illumination. A SAR
sensor self-illuminates an area by transmitting pulses of
microwave energy. The sensor then measures the time
it takes for the signal to return to the sensor and the
magnitude and phase of the return signal. Sensors have
different areal coverage, temporal resolution and spa-
tial resolution. Differences in areal coverage (Tables 1
and 2) are often reflected within the ground resolution,
where high areal coverage often corresponds to a rela-
tively low ground resolution. It is therefore important to
assess the size of investigated lakes, the temporal res-
olution needed and the required areal coverage before

satellite images are chosen.
Within this thesis both SAR and optical images have

been used. For the optical data, images from the ETM+
and MODIS sensors were used. For SAR, images from
the sensors onboard Radarsat-1, ERS-2 and Envisat
were used. The specifics of each of these sensors are
presented in Tables 1 and 2. All the mentioned satellites
have a polar sun synchronous orbit. This implies that
the satellite ascends or descends over any given point
of the Earth’s surface at the same local mean solar time.
In this way, the same solar illumination conditions (ex-
cept for seasonal variation) can be achieved for optical
images of a given location.

Optical sensors
Optical satellites are dependent on reflected solar radi-
ation. Differences in reflected radiation are represented
in the optical images. The ice is as a rule a good reflec-
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Figure 9: Cumulative positive degree days (PDDs) for the months May until October 2001 until 2010. Data is
retrieved from the Danish Meteorologial Institute (DMI) station in Kangerlussuaq.

tor whereas water is a good absorber of incoming radi-
ation. As an example, the lakes will thus often appear
darker in band 1 MODIS optical images whilst snow
and ice will often appear brighter (Figure 8). At roughly
mid season (typically at mid-July) areas covered in dust
and cryoconite holes are revealed. This will lower the
albedo and reduce the reflectance of the ice.

The optical sensors used in supra-glacial lake stud-
ies mainly make use of the visible, near infrared and
short-wave infrared wavelengths (0.39–12.5 µm). The
optical sensors presented in Table 1 are multispectral
imaging systems. This means that the wavelengths
used by the different sensors are separated into differ-
ent bands which cover specific ranges of the electro-
magnetic spectrum. For example, MODIS has 36 bands
(NASA, 2012b). Different bands will have different
sensitivities to, for example, water. Such spectral differ-
ences have been exploited to separate lakes from snow
and ice (Box and Ski 2007) and to estimate lake depth
(Sneed and Hamilton, 2007, 2011; Tedesco et al., 2011).

As stated earlier, the revisit time is also an impor-
tant aspect of multitemporal remote sensing. The short
average lake lifetime of approximately 20 days implies
that images with a high temporal resolution are needed
when annual lake changes are studied. The low revisit
time for Landsat-7 compared to the MODIS instrument
onboard the Terra satellite indicates that for studying

annual lake changes the latter is preferable.
Table 1 lists swath widths and resolutions for se-

lected visible-infrared images. The trade-off between
high ground resolution and high areal coverage is evi-
dent. Depending on the needs of each study, obtaining
an appropriate ground resolution might be more impor-
tant than getting the optimal wavelength. Mean lake
areas were found to be 0.8 km2 for the whole of Green-
land (Selmes et al., 2011) and 0.6 km2 (Sundal et al.,
2009) and 0.5 km2 (Lampkin, 2011) for regions on the
southwest coast. Consideration also needs to be given
to image processing and data storage capacities. For ex-
ample Selmes et al. (2011) used only band 1 in MODIS
images, resulting in the highest possible ground resolu-
tion at the same time as the amount of data was kept at a
minimum. That being said, higher resolution bands can
sometimes be used to resample lower resolution bands,
for example MODIS data from band 1 and 2 can be used
for resampling of MODIS images from bands 3 and 4
to 250 m ground resolution. In the papers included in
this study, a single band approach was used in Papers
I, II and III. For Papers IV and V, multiple bands have
been used.

As seen in Table 1, bands at similar wavelengths are
present for all three sensors. For example, wavelengths
around 0.63–0.69 µm correspond to band 3 in ETM+,
band 2 in ASTER and band 1 in MODIS. This implies
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Table 1: Properties of the optical sensors used in supra-glacial lake studies. Note that only the wavelengths of the
first 7 out of 36 bands are presented for MODIS and only the first 7 out of 15 for ASTER (NASA, 2012b). Revisit
time implies a nadir revisit time for each location. The revisit time off nadir implies that the satellite does not have
to look straight down at each location.

Landsat-7 ETM+ ASTER MODIS
Satellite Landsat-7 Terra Terra and Aqua
Sensor ETM+ ASTER MODIS
Number of bands 8 15 36
Resolution 15 m (band 8, panchromatic) 15m (band 1–3) 250 m (band 1–2)

and 30 m (band 1–7) 30 m (band 4–9) 500 m (band 3–7)
90 m (band 10–14) 1000 m (band 8–36)

Launch 1999 1999 1999
Wavelength (µm) Band 1 0.45–0.515 Band 1 0.52–0.60 Band 1 0.62–0.67

Band 2 0.525–0.605 Band 2 0.63–0.69 Band 2 0.841–0.876
Band 3 0.63–0.69 Band 3N 0.76–0.86 Band 3 0.459–0.479
Band 4 0.75–0.90 Band 3B 0.76–0.86 Band 4 0.545–0.565
Band 5 1.55–1.75 Band 4 1.60–1.70 Band 5 1.230–1.250
Band 6 10.4–12.5 Band 5 2.145–2.185 Band 6 1.628–1.652
Band 7 2.09–2.35 Band 6 2.185–2.225 Band 7 2.105–2.155
Band 8 0.52–0.9 Band 7 2.235–2.285

Swath width 180 km 60 km 2330 km
Revisit time (nadir) 16 days 16 days
Revisit time (off nadir) 16 days 1–2 days 1–2 days

that it is possible for lake extraction methods such as
those presented by Sneed and Hamilton (2007, 2011) to
be transferable between different optical sensors.

Similar wavelengths and bands will also be used in
future missions, such as the upcoming Sentinel-2 mis-
sion (ESA, 2012a). Sentinel-2 will use the visible, near
infra-red and short wave infra-red wavelengths sepa-
rated into 13 different spectral bands. As for the optical
sensors presented in Table 1, the different bands will
also display different spatial resolutions; there will be 4
bands at 10 m, 6 bands at 20 m and 3 bands at 60 m. At
the same time, the swath width will increase from the
present 60–180 km of the ETM+ and ASTER sensors
to 290 km. The revisit time will be of the order of 2–3
days at mid-latitudes. The increased ground resolution
coupled with an increased revisit time will hopefully al-
low for improved supra-glacial lake studies.

Optical sensors have been favoured in supra-glacial
lake studies due to the high revisit time for the MODIS
sensor and the high spatial coverage of the MODIS sen-
sor. Higher ground resolution sensors such as ETM+ on
board the Landsat-7 satellite, have made calibration of

the lower ground resolution MODIS images possible.
The higher high ground resolution ETM+ sensor also
enables high ground resolution studies of the lakes.

SAR sensors
A SAR sensor gathers data by emitting a microwave
signal from a side-looking radar and measuring the re-
sponse signal. The SAR sensors presented in Table 2
use a wavelength often referred to as the C-band. The
C-band has a wavelength of 5.65 × 104 µm, i.e. the
wavelengths used by SAR sensors are longer than those
used in optical sensors. These longer wavelengths al-
low penetration into material such as snow and through
clouds. However, moisture content of snow will limit
the penetration depth, making it difficult to identify
lakes within a wet environment.

Onboard the satellites presented in Table 2, different
SAR sensors are used. The table lists the areal cover-
age and ground resolutions of these sensors. The SAR
sensor onboard the ERS-2 satellite has a fixed incidence
angle, i.e. it always points towards the ground with the
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Figure 10: A subset of a 2008 Envisat Wide Swath SAR image. The image covers the region from the glacier
margin to the percolation zone above the Equilibrium Line Altitude (ELA). Lakes below the ELA (a) typically
exhibit a stronger backscatter signal than the background glacier surface. Above the ELA the lakes appear darker
than the firn (b). Backscatter intensity is shown in the bar in linear scale. The figures is modified from Paper II.

same angle. The ScanSAR sensor onboard Radarsat-1
can shape and steer the radar beam signal. This implies
that data can be gathered at different ground resolutions
and diverse areal coverage’s. The Advanced Synthetic
Aperture Radar (ASAR) sensor onboard Envisat also
produces high areal coverage by switching between dif-
ferent swaths using the ScanSAR technique.

The ability to penetrate clouds and register infor-
mation about the Earth’s surface even during the po-
lar night enables use of SAR data for lake analysis at
any time of the year. This has been exploited in Paper
II, where Envisat Wide swath SAR images have been
used to capture the maximum lake area extent during
two years. As with optical images, lakes are identi-
fied by a distinct radiometric signature relative to the
surrounding ice sheet accompanied by a distinct bound-
ary or a distinct boundary (Paper I and II). During sum-
mer, the water content of the supra-glacial lakes will re-
sult in low backscattering of radar signals. Conversely,
bare ice, with a rough surface, will result in relatively
high backscatter. The high water content within the
so called slush zone will render it difficult to separate
the lakes from the background as both surfaces absorb
the microwave wavelengths. The slush zone can be
tens of kilometers wide on west Greenland, rendering
problems with large areas of the SAR imagery (Brown,
2003). This slush zone is not present in the winter so
the issue can be avoided by using winter images (Figure

10). In Paper II we hypothesize that lakes that refreeze
at the end of the ablation season will have a distinc-
tive radiometric response relative to the surrounding ice
sheet. Therefore, lakes can be identified in the winter
images.

The different sensors allow for different ground reso-
lution. The ground resolution for all these sensors (Ta-
ble 2) is higher than the effectively useful resolution.
This is due to image speckle or noise within the im-
ages. Lakes the size of one pixel cannot be discrimi-
nated from a speckle pixel. This speckle often renders
it necessary to apply some kind of filtering to the SAR
images before lakes can be identified. The effective res-
olution then decreases.

Future SAR missions include Sentinel-1. This satel-
lite is designed to ensure continued delivery of C-
band SAR data following the ERS-1, ERS-2, Envisat
and Radarsat-1 mission (NASA, 2012b). The highest
ground resolution will be 5 × 20 m and the swath width
250 km, hence providing a higher ground resolution and
if not an improvement on areal coverage then at least
one that is on par with that of Envisat and Radarsat-1
ScanSAR. The temporal resolution is planned to be 1–3
days.

Results within Papers I and II show that lake identifi-
cation can also be performed in SAR images. SAR sen-
sors can penetrate clouds and are not dependent on solar
illumination. Upcoming high ground and temporal res-
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Table 2: Properties of the SAR sensors used in supra-glacial lake studies (NASA, 2012b).

Radarsat-1 ERS-2 SAR Envisat ASAR
Satellite Radarsat-1 ERS-2 Envisat
Type ScanSAR SAR ASAR
Resolution 8 m(fine) 25 m 30 m (Image, wave and

30 m (standard) alternating polarisation)
30 m (wide) 150 m (Wide Swath)

50 m (ScanSAR narrow) 1000m (Global Monitoring)
100 m (ScanSAR wide)
18–27 m (Extended high

incidence)
30 m (Extended low incidence)

Launch 1995 1995 2002
Image mode Fine beam – Wide Swath
Wavelength (µm) 5.65×104 (C-band) 5.65×104 (C-band) 5.65×104 (C-band)
Swath width 45 km (fine) 100 km Up to 100 km (Image, wave and

100 km (standard) alternating polarisation)
150 km (wide) 5 km (Wide Swath)

300 km (ScanSAR narrow) 400 km or more (Global
500 km (ScanSAR wide) Monitoring)

75 km (Extended
high incidence),

170 km (Extended
low incidence)

Revisit time North of 70 deg N 35 days repeat 35 days repeat
daily images

olution such as the Sentinel-1 mission might therefore
provide improved opportunities for lake studies.

Optical satellite image accuracy

Field measurements were performed to test the accu-
racy of lake mapping using optical satellite images.
GPS (Trimble GPS60) measurements from 7 lakes
close to Kangerlussuaq in 2010 reveal a high accuracy
of lake extent estimates in Landsat-7 ETM+ images,
band 8. The GPS tracks were traced from the 25 July
until 1 August 2010. In Figure 11, the GPS track is
overlaid on a Landsat image acquired on the 18 July
2010. Due to restrictions posed by river crossings the
entirety of all lakes could not be manually mapped with
GPS. For example the lower right part of Lake Z was
tracked from a Hovercraft and as a consequence that
part of the lake edge is not tracked at the same accuracy
as the walked part of the edge. Figure 11b is a picture

of the same area taken from a helicopter on the 27 July.

Lake identification methods

Two main methods have been employed in this study;
manual delineation (Paper I, II and III) and an adap-
tive automatic lake classification (ALC) method (Paper
IV, V). Manual delineation means that the extent of the
lakes is drawn manually by visual interpretation. It has
proven to be an accurate tool for mapping thermokarst
lake extent (Sannel and Brown, 2010) and for mapping
glacier extent (Wolfe et al., 2001) as well as supra-
glacial lake extent (Lampkin, 2011). Bartholomew et al.
(2011) argues that since the mean lake area close to
Kangerlussuaq is small compared to the MODIS pixel
size, it is more accurate to use a manual delineation.

Manual methods of lake extraction are generally time
consuming and if entire melt seasons over large parts
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Figure 11: a) DGPS tracks overlaying a Landsat image from day 18 July 2010. b) Overview of part of the area
seen in (a) from helicopter on the 27 July 2010. The images are taken at slight different angles; see north pointing
arrows for directions. The large Lake Z seen in a is not part of the image seen in b. FP lake has an area of 1.8
km2 and a circumference of 6.3 km. The red line between BBC Puddle and the FP lake does not follow a river or
a stream, however the other connecting lines do.

of Greenland are to be investigated automatic methods
are needed. At present two such methods have been
published. The first of the available automatic methods
(Box and Ski, 2007; Sundal et al., 2009) use a MODIS
bands that is more sensitive to water (band 3) than to
snow and ice for lake identification, coupled with a ra-
tio between band 3 and 1 data (Box and Ski, 2007). In
the second available automatic method (Selmes et al.,
2011) lake locations are identified manually a-priori
of the automatic application. The automatic method
thereafter uses this a-priory information and identifies
whether a lake is present or not at each given location at
any one given time. This method uses MODIS band 1
data due to its higher spatial resolution compared to the
other MODIS bands.

The ALC put forward in Paper IV and applied in Pa-
per V is inspired by the method put forward by Sneed
and Hamilton (2007), where ponds on the east coast of
Greenland were identified and depths were estimated
using bands 1 and 3 in Aster images. These Aster bands
correspond to bands 2 and 4 in MODIS data. These
MODIS bands are also used in ALC in Paper IV. The
main advantage with the ALC method is that the chang-
ing nature of the ice sheet and the lakes is accounted for.
As discussed above lakes change in size and deepen
over the course of the year and the underlying band
of debris (Wientjes and Oerlemans, 2010) is revealed
around mid melt season. All of these effects are incor-
porated into our method, which is thoroughly described

in Paper IV.
To conclude, for studies over smaller areas the more

accurate manual delineation is preferable, and for stud-
ies over larger areas or using a large volume of imagery
an automatic method is recommended.
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Summary of the results and presen-
tation of papers
The following is a short summary of each paper in the
thesis.

Paper I

Johansson, A.M., Brown I.A. and Jansson P., 2010,
Multi-temporal, multi-sensor investigations of
supra-glacial lakes on the Greenland Ice Sheet,
Proceedings of ESA Living Planet Symposium 2010
28 June–2 July 2010, Bergen, Norway, ESA SP–686,
8 pp.

In this study we use different types of satellite images
to identify lakes. Data from three years were picked and
mid season overlapping images were chosen. The im-
ages all have different ground resolution and both opti-
cal and SAR images are represented. We can therefore
estimate the importance of ground resolution by com-
paring identified lakes within different images. This
also enables us to compare the kind of lakes we can
identify within the different images. The ability to es-
timate total lake area extent in SAR images as seen in
Paper II implies that our results here greatly depend on
the fact that we have chosen images from the middle of
the melt season. We can also see that a higher ground
resolution implies that smaller lakes can be included.
Furthermore, we conclude that both SAR images can be
used to supplement optical images, for example, during
extended periods of cloud cover.

Paper II

Johansson, A.M. and Brown I.A., 2012, Obser-
vations of supra-glacial lakes in west Green-
land using winter wide-swath synthetic aperture
radar, Remote Sensing Letters, 3(6), 531–539, doi:
10.1080/01431161.2011.637527.

In our study we use two sets of Envisat wide swath
winter images and compare the delineated lake area
within them with the area estimated from MODIS im-
ages at the peak of the melt season. The agreement
between the two area estimates is good. Small lakes
along the front are not captured in the SAR images and
lakes that are snow covered at higher altitude are seen
in the SAR images, but may be difficult to map in the

optical images. However, the SAR imagery systemat-
ically failed to discriminate narrow lakes and lakes in
corrugated topography. As ERS-1 has delivered data
since 1991 and given that images from the entire win-
ter months can be used there is the possibility to extend
the study of melt extent back in time in order to give
an indication of recent melt extent. Using one image
for each location there is a time saving aspect as well;
hence manual delineation can be used here.

Paper III
Johansson, A.M., Jansson P. and I.A. Brown, 2012,
Spatial and temporal variations of lakes on the
Greenland Ice Sheet, Submitted to Journal of
Hydrology.

In this study, we investigate the lake evolution both
regarding initiation and cessation of lakes within two
sub-sections of the west coast of Greenland. By manu-
ally delineating lakes present in MODIS images during
3 years (2007–2009) we estimate the amount of melt en-
ergy, in terms of PDDs as a proxy, needed to initiate a
lake to 40 PDDs. The lakes are separated into sustained
(>9 days) and transient (<9 days) lakes. The sustained
lakes have a lifespan of approximately 20 days. There
is an approximate 50/50 division between the two types.
The cessation processes are separated into drainage and
freeze-up, where the latter is greatly outnumbered by
the former.

Paper IV
Johansson, A.M. and Brown I.A., 2012, Adaptive
classification of supra-glacial lakes on the west
Greenland Ice Sheet, Manuscript.

In this paper we develop an adaptive classification
method (ALC) to identify lakes on the Greenland Ice
Sheet. The complex environment and the changing na-
ture of lake evolution highlight the need for a multiclass
approach. We define a set of 5 different lake identifica-
tion classes, implying that we can now map lakes that
have previously been identified as problematic such as
deep lakes and lakes within cryoconite areas. Three of
the classes relate to time of the melt season, one for
early lakes, one for mid season lakes (taking dusty and
cryoconite hole covered areas into account) and end of
season lakes. The remaining two classes map the deep
lakes and the small lakes. With continued increased
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melting on the Greenland Ice Sheet the inclusion of
deep lakes might prove particularly important.

Paper V
Johansson, A.M., Jansson P. and Brown I.A., 2012,
Characteristics of supra-glacial lakes on the south-
west Greenland Ice Sheet, Manuscript.

In this paper annual and interannual variations in
lake presence and characteristics are investigated. Us-
ing MODIS images from 10 years (2001–2010) and
the method outlined in Paper IV supra-glacial lakes are
identified. The complexity of the hydrological system
implies that single parameters such as total lake area
and number of lakes are insufficient to explain the sys-
tem. Further, there is a high correlation between these
two parameters making it is necessary to include other
information as well. In this paper additional informa-
tion about the lakes, such as shape, location and re-
flectance is added. The shape is expressed both in areal
extent (median lake area) and roundness (how ellipti-
cal a lake is). Location is used for calculations of dis-
tance between the lakes and the number of used lake
basins. Finally reflectance is investigated due to its
possible connections with lake depth. Combining all
this information assessments about the different years’
supra-glacial lake evolution and the possible causes for
said evolution is made.

Discussion
The aim of the work performed within the framework
of this thesis is to improve our understanding of the sur-
face hydrology of the Greenland ice sheet by:

I. improving methods for the identification and map-
ping of supra-glacial lakes on the west Greenland
Ice Sheet, (Paper I, II, IV)

II. analysing the spatio-temporal variations in lake
size, shape and distribution, (Paper III, V)

III. investigating the controls on lake form and distri-
bution at high temporal resolution over multiple
melt seasons (Paper III and V).

These aims have been addressed by investigations into
the relative potential of a range of satellite imagery
for lake identification and mapping (Papers I and II),

by developing an object oriented classification method,
the ALC, that improves our ability to map lakes of all
shapes and sizes (Paper IV), and by analysing multi-
annual high temporal resolution vector datasets describ-
ing the lake population (Paper III and V).

Remote Sensing
In this thesis we have evaluated the use of SAR images
in supra-glacial lake identification. Moreover, advan-
tages and limitations with SAR images have been iden-
tified. Upcoming high resolution SAR (Sentinel-1) and
high resolution optical (Sentinel-2) missions may po-
tentially provide a foundation for increased knowledge
about the hydrological system.

SAR images

The main limitation when using SAR images in supra-
glacial lake identification has been recognised as the
wet snow areas on the ice sheet (Paper I, II). Moreover,
lakes were particularly hard to identify where the ice
sheet was deeply ensized and lakes were narrow and
elongated. Narrow lakes proved to be problematic to
identify also within optical images (Sundal et al., 2009).
Hence, this problem is related to the difference be-
tween the spatial resolution and the lake width. Higher
resolution satellite images, such as those acquired by
Radarsat-1 Fine Beam might therefore easier detect nar-
rower lakes. The results presented in Paper I indicate
that a higher spatial resolution is needed in SAR im-
ages to resolve and identify the same sized lakes as in
the optical images. This difference relates to the noise
(speckle) within the SAR images. Lakes identified in
Landsat-7 (15 m, panchromatic band) images were also
possible to identify within Radarsat-1 Fine beam (6.25
m) SAR images. The planned launch of the higher res-
olution Sentinel-1 (SAR) might therefore be beneficial
to resolve more numerous narrow lakes.

The wet snow areas grow during the melt season as
larger spatial areas are affected by melt (Steffen et al.,
2004). In the beginning of the melt season, when the
snow is dry, SAR images can be used to capture the
total lake area as well as the number of lakes (Paper I).
The relatively small lakes (<0.15 km2, Paper III) early
in the melt season indicate that higher resolution SAR
images are needed for such studies.

One possible way to circumvent the problem with
wetness is to only use images from the accumulation
season. Studies presented in Paper II show that SAR
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images can be used to estimate the total maximum lake
area extent during each melt season using only one win-
ter image each year. This opens up the possibility to use
annual SAR images from existing archives to extend the
time series of observations. Images from ERS-1 and 2
are available from 1991 and 1995 respectively. The last
images from the respective sensors are from 2000 and
2011.

The sensitivity of active microwave images to wet-
ness on the ice sheet can also be used to estimate the
melt extent during the melt season. At present low
resolution passive microwave images are used for this
purpose (Tedesco et al., 2008) although the capability
of low spatial resolution SAR images to map continen-
tal scale melt extent has been demonstrated (Luckman
et al., 2007). Higher resolution SAR images will also
be able to capture the development of surface lakes (Pa-
per II). The use of SAR images for this type of study
has the obvious advantage of the ability of SAR sensors
to penetrate clouds. Selmes et al. (2011) used up to one
optical image per day for lake identification, relying on
small gaps in the cloud cover when necessary. Despite
this, cloud attenuation of up to 12 days was unavoid-
able. SAR images can provide melt extent information
during such consistent cloud covers.

In Paper III we identified that lakes have a lake life-
time of 20 days and hence, gaps in lake identification of
12 days (Selmes et al., 2011) might imply that impor-
tant information about the lake evolution is excluded.
As shown in Paper I the total lake area estimates from
both the optical and the SAR images were relatively
similar. However, in order to achieve the same map-
ping accuracy as optical data, SAR images must have
a spatial resolution that is significantly higher than that
of the optical data (Paper I). In the paper it was hypoth-
esised that the difference related to the speckle present
in SAR images.

The pending launch of the high temporal and high
spatial resolution SAR mission of Sentinel-1 is there-
fore very promising. This mission will provide high
resolution SAR imagery over larger swaths. This will
enable easier coverage of for example the southern part
(60–70◦N) of the Greenland Ice Sheet, where cloud
cover during the summer months can be up to 70%
(Hatzianastassiou et al., 2001). The extensive cloud
cover in the south of Greenland has so far resulted in
very little research activity regarding lakes within this
area, despite the apparent high number of lakes we have
observed during gaps in the cloud cover. More research
on the possibilities to use SAR images in lake studies is

needed.

Optical images

Future satellite missions also include optical sensors
operating in the VNIR spectrum, such as Sentinel-2.
This satellite platform will provide higher spatial res-
olution accompanied with a higher temporal resolution.
Krawczynski et al. (2009) identified that 95% of the
areal water is included in lakes larger than 250 × 250
meters (MODIS resolution). Hence, the higher reso-
lution might not provide significant changes in the to-
tal lake area estimates compared to the present esti-
mates. However, inclusion of numerous smaller lakes
(<0.1km2) will increase the total number of lakes as
well as reduce the median and mean lake area estimates
(Paper I).

The higher spatial resolution for the upcoming mis-
sions of Sentinel-1 (SAR) and 2 (optical) will enable
easier inclusion of narrow lakes and also possibly rivers.
Inclusion of rivers within supra-glacial melt water stud-
ies will further increase our knowledge about connec-
tions in the hydrological system. Therefore, further in-
formation about the evolution of the supra-glacial lake
system may be possible to resolve. Higher spatial res-
olution also implies that the proportion of potentially
mixed pixels is reduced. Hence, estimates of lake vol-
ume can be made with increased accuracy.

Mapping and Adaptive Lake Classification
Within this thesis we have developed improved esti-
mates of lake size, shape and distribution using both the
established method of manual delineation of lakes and
by developing a new adaptive lake classification method
(ALC).

Automated methods have the advantage of enabling
the rapid identification of lakes in multi-temporal
datasets with large areal coverage (Selmes et al., 2011;
Sundal et al., 2009). Despite manual delineation be-
ing highly accurate (Wolfe et al., 2001), this type of
method is time consuming and thus unsuitable for large
datasets (e.g. high spatial resolution datasets covering
wide areas, or longer time series of moderate resolu-
tion imagery). Therefore automatic methods are readily
transferable to images acquired from current and future
VNIR optical sensors are important.

The ALC method uses an object oriented approach
in which lakes are considered as a unit and in which
single pixel based classification approaches are avoided
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(Paper IV). Hence anomalous pixels are less likely to
result in a misclassification (Frohn et al., 2005, 2009).
One of the strengths of the method is that we imple-
ment a set of lake identification classes, rather then rely
on one class (Paper IV). This implies that the method
is easily adapted to changes in the surrounding envi-
ronment as well as changes in the surface hydrology.
Meehl et al. (2007) has predicted increased melting in
the future. Increased melting has been observed to co-
incide with increased exposure of cryoconite and dust
areas for prolonged time periods (Sundal et al., 2009;
Tedesco et al., 2011; Bøggild et al., 2010). Cryoconite
and dust accumulation reduces the spectral signature of
the ice surface– the background against which supra-
glacial lakes are differentiated. Hence cryoconite and
dust can reduce the ability of classification algorithms
to accurately separate lakes from the background ice
surface (Box and Ski, 2007). Within the ALC method
there is already a class adapted to target cryoconite and
dust areas (Paper IV). With potential increased melting
the importance of the inclusion of such a class might
increase with time.

Other consequences of increased melting might be
formation of deeper lakes and migration of lakes to
higher altitudes. The latter might imply that numer-
ous new lake basins at higher altitudes can be occupied
by lakes. We have already identified that within our 10
year study period (2001–2010) on average 40 new lakes
develop each year (Paper V). With improved spatial res-
olution we might expect this number to increase signif-
icantly. The ALC approach is not limited to a localised
search radius based on a-priori mapping and thus of-
fers advantages over such methods as that presented by
Selmes et al. (2011).

With increased pixel resolution on for example
Sentinel-2 we might expect a reduction in the propor-
tion of mixed pixels relative to spectrally pure ’lake’
pixels. This may result in lower mean reflectance from
deeper lakes as the effect of mixed pixels is reduced.
Low reflectance pixels have already proved difficult
to identify with established methods (Sundal, personal
communication 29 September 2011). The potential for-
mation of deeper lakes is already accounted for with
the ALC method, where a class specifically targeting
deep lakes is used. The reduction in mixed pixels might
require adjustments to the parameters exploiting the
reflectance and the brightness information within the
ALC method. The ALC method utilises wavebands
common to current and future VNIR missions, includ-
ing for example Sentinel-2. Therefore it will be possi-

ble to adapt the method to images from the new sen-
sors. Due to the higher resolution the segmentation
parameters will need to be adjusted, as seen when the
method was employed on the Landsat-7 images (Pa-
per IV). With the possibility to detect smaller lakes the
small lake area class might have to be further adjusted.
Despite slight adjustments of the individual parameters
within the ALC method the strength of the method is
that is relies on a set of lake identification classes, rather
then one class. This implies that the method is easily
adapted to new satellite sensors as well as to changes in
the surrounding environment.

Investigation of annual and inter-annual
lake changes
As seen when analysing the high temporal resolution
MODIS data presented in Paper V more parameters
than just total lake area and number of lakes are needed
to fully understand the complexity of the surface hydro-
logical system. The high drainage and high amounts of
melt during 2007 and 2010 (Tedesco et al., 2011; van
den Broeke et al., 2011a) have not impacted estimates
of total lake area over the year. Such measures do not
represent the quantity of surface melt. Therefore, jus-
tifying the need to study and identify more parameters
for a better understanding of the system. The use of ob-
ject oriented classification (Sundal et al., 2009; Paper
IV; Paper V) as opposed to supervised or unsupervised
classification is promising. This method meets the need
for the extraction of size, shape and contextual informa-
tion about the identified objects rather than information
about individual pixels. The results in Paper V indicate
that parameters such as median area, distance between
the lakes, reflectance and number of basins occupied
may be fruitful for future investigations.

Lake characteristic variations

At present supra-glacial lake evolution studies primar-
ily focus on areal extent (Sundal et al., 2009; McMil-
lan et al., 2007) combined with information about lake
drainage (Bartholomew et al. (2011); Selmes et al.
(2011); Hoffman et al. (2011); Lampkin (2011); Paper
III). If we are to better understand the evolution of the
hydrological system and the amount of melt water con-
tained within such a system, further information about
lake volume is crucial. Moreover, it is important to
obtain such information over a large areal scale. The
latter is only possible if we use automatic methods for
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lake identification. Using an automatic method Selmes
et al. (2011) investigated lake area and drainage over
the Greenland Ice Sheet in its entirety. At present lake
volume estimates are limited to single lakes (Box and
Ski, 2007; Georgiou et al., 2009; McMillan et al., 2007;
Tedesco et al., 2011) or smaller regions (Lüthje et al.,
2006).

The relatively short lake lifetime of 20 days (Paper
III) highlights the importance of high temporal resolu-
tion for lake volume estimates if the amount of water
within the system is to be captured. Mixed pixels along
the lake edges in moderate resolution MODIS images
potentially induce significant errors in lake volume es-
timates. We have therefore not included such volume
estimates within our study (Paper V). However, exclud-
ing lakes smaller than 1.6 km2 we can there see that
a large areal extent is often combined with a lower re-
flectance, hence indicating a deep lake (Paper V). With
higher spatial resolution missions in the future inclusion
of lake volume estimates can surely be done.

In Paper III we estimated not only the average lake
life span but also the input of PDDs, as a proxy for
melt, needed for lake formation. For the three inves-
tigated years, 2007–2009, approximately 40 PDD were
needed for lake formation. This is despite the different
shape of the PDD curve (Figure 3e–g) of lake evolu-
tion. This enables us to establish boundary conditions
for the temporal resolution needed for lake investiga-
tions. Analysis of early melt seasons with a high energy
input might require images acquired at short intervals if
the lake evolution is to be captured. Melt seasons with
slower initiation (less induced energy or energy induced
over a longer time period) might not require the same
short time period between the images. Hence, data vol-
umes can be reduced.

Within Paper V we show that the supra-glacial lake
evolution is dependent on the different type of melt sea-
sons. Combined with the high correlation between PDD
estimates and melting (Braithwaite and Olesen, 1987;
Braithwaite, 1995), improved knowledge of the evolu-
tion will enable us to put scarce satellite images into a
wider context, as well as to interpolate lake evolution
during cloudy incidences.

Inter-annual form and distribution

The complexity of the surface hydrology and the num-
ber of variable parameters affecting the system makes it
hard to analyse changes without long time series. Un-
fortunately, despite the comparably long daily contin-

ued time series of images from the MODIS sensor, only
a maximum 11 years of data is available (2001–2011).
As noted by, for example Tedesco et al. (2011), these
years are all years with a comparatively high melting
compared to average melting for the years 1979–2010.
With models it is possible to extend time series back
in time, unfortunately this is not possible with satellites
images. Future high resolution satellite missions with
the aim to maintain data acquisition in a set of com-
mon bands (NASA, 2007) are very promising for mon-
itoring of the Greenland Ice Sheet, and in particular for
lake studies. Given this long time series of daily satel-
lite images can hopefully be established in the future.
Higher ground resolution optical data will hopefully en-
able improved estimates of lake evolution and lake vol-
ume. Since the supra-glacial lakes only have a mean
lake area of 2 km2 the higher ground resolution is wel-
come. Lake volume estimates can further be used to es-
timate the melt water volume and from this better con-
nect the satellite image results with assessments of melt
from melt models such as the Modèle Atmosphérique
Régional (MAR) model (Lefebre et al., 2005; Fettweis,
2007; Fettweis et al., 2010). Climatic data such as wind
speed, short-wave and long-wave radiation is also being
collected on a continuing basis. With the set up of the
GC-Net in 2003 a platform for more readily available
weather data over larger regions of Greenland is pro-
vided. The establishment of the Programme for Moni-
toring of the Greenland Ice Sheet (PROMICE) program
in 2007 as a complement to the GC-Net provides further
information about the mass balance (Ahlstrøm et al.,
2008). The support and continuation of such platforms
are crucial both as in-situ measurements for satellite im-
ages and as input data into climatic models.

Conclusions
• We have developed an object oriented classifica-

tion method to improve our ability to map lakes of
all shapes and sizes.

• Using multi-annual high temporal resolution satel-
lite images we have extracted improved informa-
tion about lake size, shape and evolution.

• The use of SAR images within lake classification
on the Greenland Ice Sheet has been further ex-
ploited. Moreover, SAR images proved to be a
useful tool to complement optical satellite images
for supra-glacial lake investigations.
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serving the earth: ESÁs Sentinel satellites,
http://www.esa.int/esaLP/SEMM4T4KXMF−LPgmes
−0.html, last accessed: 8 February 2012.

European Space Agency, 2012b, Green-
land glacier gives birth to giant iceberg
http://www.esa.int/esaEO/SEMYXY4OJCG−index
−0.html, last access: 8 February 2012.

Fausto, R.S., A.P. Ahlstrøm, D. van As, C.E. Bøggild, and
S.J. Johnsen, 2009, A new present-day temperature pa-
rameterization for Greenland, J. Glaciol., 55(189), 95–105,
doi:10.3189/002214309788608985.

Fettweis, X., 2007, Reconstruction of the 1979–2006
Greenland ice sheet surface mass balance using the re-
gional climate model MAR, The Cryosphere, 1, 21–40,
doi:10.1007/s00382-010-0772-8.

25



Fettweis, X., G. Mabille, M. Erpicum, S. Nicolay, and M.
van den Broeke, 2010, The 1958–2009 Greenland ice sheet
surface melt and the mid-tropospheric atmospheric circu-
lation, Clim. Dyn., 36, 139–159, doi:10.1007/s00382-010-
0772-8.

Fettweis X., M. Tedesco, M. van den Broeke, and J. Ettema,
2011, Melting trends over the Greenland ice sheet (1958–
2009) from spaceborne microwave data and regional cli-
mate models, The Cryosphere, 5, 359–375, doi:10.5194/tc-
5-359-2011.

Frohn, R.C., K.M. Hinkel, and W.R. Eisner, 2005, Satellite re-
mote sensing classification of thaw lakes and drained thaw
lake basins on the North Slope of Alaska, Remote Sens.
Env., 97, 116–126, doi:10.1016/j.rse.2005.04.022.

Frohn R.C., M. Reif, C. Lane, and B. Autrey, 2009, Satellite
remote sensing of isolated wetlands using object-oriented
classification of Landsat-7 data, Wetlands, 29(3), 931-941,
doi:10.1672/08-194.1.

Georgiou, S., A. Shepherd, M. McMillan, and P. Nienow,
2009, Seasonal evolution of supraglacial lake volume
from ASTER imagery, Ann. Glaciol., 50(52), 95–100,
doi:10.3189/172756409789624328.

Hanna E., Huybrechts, P., Janssens, I., Cappelen, J., Steffen,
K., Stephens, A., 2005, Runoff and mass balance of the
Greenland ice sheet: 1958-2003, J. Geophys. Res., 110,
D13108, doi:10.1029/2004JD005641.

Hanna, E., P. Huybrechts, K. Steffen, J. Cappelen, R. Huff, C.
Shuman, T. Irvine-Fynn, S. Wise, and M. Griffiths, 2008,
Increased runoff from melt from the Greenland ice sheet: a
response to global warming, J. Climate, 21, 331-341.

Hatzianastassiou, N., N. Cleridou, and I. Vardavas, 2001,
Polar Cloud Climatologies from ISCCP C2 and D2
Datasets, J. Clim., 14, 3851–3562, doi: 10.1175/1520-
0442(2001)014<3851:PCCFIC>2.0.CO;2.

Hoffman, M.J., G.A. Catania, T.A. Neumann, L.C. An-
drews, J.A. Rumrill, 2011, Links between acceleration,
melting, and supraglacial lake drainage of the western
Greenland Ice Sheet, J. Geophys. Res., 116, F04035,
doi:10.1029/2010JF001934.

Howat, I.M., I. Joughin, S. Tulaczyk, and S. Gogi-
neni, 2005, Rapid retreat and acceleration of Helheim
Glacier, east Greenland, Geophys. Res. Lett., 32, L22502,
doi:10.1029/2005GL024737.

Howat, I.M., I. Joughin, T. Scambos, 2007, Rapid changes
in ice discharge from Greenland outlet glaciers, Science,
315(1559), doi:10.1126/science.1138478.

Johansson, A.M., I.A. Brown, and P. Jansson, 2010, Multi-
temporal, multi-sensor investigations of supra-glacial lakes
on the Greenland Ice Sheet, Proceedings of ESA Living
Planet Symposium 2010 28 June–2 July 2010, Bergen, Nor-
way, ESA SP–686, 8 pp.

Johansson A.M. and I.A. Brown, 2012a, Observations of
supra-glacial lakes in west Greenland using winter wide-
swath synthetic aperture radar, Remote Sens. Lett., 3(6),
531–539, doi:10.1080/01431161.2011.637527.

Johansson, A.M., and I.A. Brown, 2012b, Adaptive classifica-
tion of supra-glacial lakes on the west Greenland Ice Sheet,
Manuscript.

Johansson, A.M., P. Jansson, and I.A. Brown, 2012a, Spa-
tial and temporal variations of lakes on the Greenland Ice
Sheet, In review: J. Hydro..

Johansson, A.M., P. Jansson, and I.A. Brown, 2012b, Charac-
teristics of supra-glacial lakes on the south-west Greenland
Ice Sheet, Manuscript.

Joughin, I., S.B. Das, M.A. King, B.E. Smith, I.M. Howat,
and I. Moon, 2008, Seasonal Speedup Along the Western
Flank of the Greenland Ice Sheet, Science, 320, 781–783,
doi:10.1126/science.1153288.

Joughin, I., W. Abdalati, and M. Fahnestock, 2004, Large
fluctuations in speed on Greenlands Jakobshavn Isbræ
glacier, Nature, 432, 608-610.

Khan, S.A., J. Wahr, M. Bevis, I. Velicogna, and E. Kendrick,
2010, Spread of ice mass loss into northwest Greenland
observed by GRACE and GPS, Geophys. Res. Lett., 37,
L06501, doi:10.1029/2010GL042460.10.

Krabill, W., W. Abdalati, E. Frederick, S. Manizade, C. Mar-
tin, J. Sonntag, R. Swift, R. Thomas, W. Wright, and
J. Yungel, 2000, Greenland Ice Sheet: High-Elevation
Balance and Peripheral Thinning, Science, 289(428), doi:
10.1126/science.289.5478.428.

Krawczynski M.J., M.D. Behn, S.B. Das, and I. Joughin,
Constraints on the lake volume required for hydro-fracture
through ice sheets, Geophys. Res. Lett., 36, L10501,
doi:10.1029/2008GL036765.

Lampkin, D. J., 2011, Supraglacial lake spatial structure in
western Greenland during the 2007 ablation season, J.
Geophys. Res., 116, F04001, doi:10.1029/2010JF001725.

Lefebre, F., X. Fettweis, H. Gallée, J. van Ypersele, P. Mar-
baix, W. Greuell, and P. Calanca, 2005, Evaluation of a
high-resolution regional climate simulation over Green-
land., Clim. Dyn., 25, 99–116, doi:10.1007/s00382-005-
0005-8

26



Luckman, A., 2007, Melt extent and pattern in Greenland
and the Antarctic Peninsular from ENVISAT ASAR global
monitoring mode, Proceedings of the Envisat Symposium
2007 23-27 April 2007, Montreux, Switzerland, ESA SP–
636, 3 pp.
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