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ABSTRACT 

Marci J. Beitch 

Greenland Ice Sheet Retreat Since the Little Ice Age 

 

Late 20th century and 21st century satellite imagery of the perimeter of the 

Greenland Ice Sheet (GrIS) provide high resolution observations of the ice sheet 

margins. Examining changes in ice margin positions over time yield measurements of 

GrIS area change and rates of margin retreat. However, longer records of ice sheet 

margin change are needed to establish more accurate predictions of the ice sheet’s 

future response to global conditions. In this study, the trimzone, the area of 

deglaciated terrain along the ice sheet edge that lacks mature vegetation cover, is used 

as a marker of the maximum extent of the ice from its most recent major advance 

during the Little Ice Age. We compile recently acquired Landsat ETM+ scenes 

covering the perimeter of the GrIS on which we map area loss on land-, lake-, and 

marine-terminating margins. We measure an area loss of 13,327 ± 830 km², which 

corresponds to 0.8% shrinkage of the ice sheet. This equates to an averaged 

horizontal retreat of 363 ± 69 m across the entire GrIS margin. Mapping the areas 

exposed since the Little Ice Age maximum, circa 1900 C.E., yields a century-scale 

rate of change. On average the ice sheet lost an area of 120 ± 16 km²/yr, or retreated 

at a rate of 3.3 ± 0.7 m/yr since the LIA maximum.  
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1  INTRODUCTION 

Remote sensing studies from the recent satellite era document high resolution 

ice sheet responses to climate forcing but are limited in their temporal coverage to the 

last several decades. Where historical data are available, studies of ice margin chang-

es can extend further back in time but tend to be limited in their spatial coverage. The 

study presented here builds on previous work by Csatho et al. [2005] of the Jakob-

shavn Isbræ region in western Greenland in which Little Ice Age (LIA) trimzones 

(vegetation poor land areas exposed by recent glacier retreat) are used to quantify ice 

margin retreat since the LIA glacial maximum (circa late 1800s to early 1900s C.E.). 

We expand trimzone mapping to the entire Greenland Ice Sheet (GrIS) perimeter us-

ing recent Landsat Enhanced Thematic Mapper Plus (ETM+) imagery. This yields a 

high resolution, wide scale dataset of ice sheet area loss since the LIA and places re-

cently measured ice margin changes in a century-scale context.  

Recent temperature increases have been expressed more severely at high lati-

tudes, especially in the Arctic [Jones and Moberg, 2003]. This region hosts the GrIS, 

which is situated between ~ 60 and 83 ˚N latitude (Figure 1). The island of Greenland 

is surrounded by the Arctic Ocean to the north, the Atlantic Ocean to the east and 

south, and Baffin Bay to the west. The ice sheet covers a surface area of ~ 1.805 × 

106 km² (including separated ice caps and local glaciers) [Kargel et al., 2012] and 

hosts an estimated ice volume of 2.96 × 106 km³ (a sea level equivalent of 7.36 m) 

[Bamber et al., 2013]. Because of its location in relatively low latitudes of the north-

ern hemisphere, as compared to the high southern latitudes of the Antarctic Ice Sheet, 
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near future shrinkage of the GrIS poses potentially large threats to coastal natural sys-

tems and human infrastructure [NRC, 2012; IPCC, 2013].  

Satellite observations of the Earth have allowed scientists to view changes 

over large portions of the planet since the 1980s and early 1990s (e.g., Landsat, ERS). 

Scientific focus shifted to the polar regions in the late 1990s and implementations of 

new sensors (e.g., ASTER, GRACE, ICESat, MODIS, RADARSAT, SPOT) monitor 

recent changes in snow and ice conditions in increasing detail. Many scientific studies 

report thinning and retreat of polar ice sheets, especially the GrIS, at accelerating 

rates over the past three decades [Moon and Joughin, 2008; Howat and Eddy, 2011; 

Zwally et al., 2011; and others]. Additionally, advancing numerical ice sheet and cli-

mate models provide improving predictions of the near future global effects of shrink-

ing ice (e.g., sea level rise, increased albedo) [Price et al., 2011; Rae et al., 2012; 

Hanna et al., 2013]. Additional studies are needed to document the state of the cry-

osphere and to improve modeling of its near future evolution.  

 

 

2  LITERATURE REVIEW 

 

2.1  Remote Sensing Mapping of Ice Margin Retreat 

Several studies synthesize available aerial- and satellite-derived data to 

document the response of the GrIS to northern hemisphere temperature in-

creases seen in the recent decades. Howat and Eddy [2011] report on the be-
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havior of 210 marine terminating glaciers on Greenland’s coast between the 

years 1972 and 2010 where covered by Landsat imagery. In the earlier time 

periods (pre-1992) subsets of the glaciers display some retreat and some ad-

vance of the glacier fronts on the order of tens of m/yr. In the later time peri-

ods (post-1992) nearly all glaciers retreat on the order of tens to hundreds of 

m/yr with a few greater than 1 km/yr [Howat and Eddy, 2011]. Moon and 

Joughin [2008] report similar results from 206 glaciers terminating in the 

ocean, ice shelf, or on land from the years 1992-2007. The land-terminating 

glaciers show little change, while the marine terminating glaciers show in-

creasing rates of retreat from the time periods 1992-2000 and 2000-2006. 

Glaciers in the SE generally advance in 2006-2007, likely responding to local-

ly cooler temperatures during that year [Moon and Joughin, 2008], but have 

since been experiencing an increase in their ice velocities as shown from syn-

thetic aperture radar data [Moon et al., 2012].  

Datasets dating to the 1980s or earlier are available for smaller por-

tions of the GrIS and select glaciers [Csatho et al., 2008; Bjørk et al., 2012; 

Kjær et al., 2012]. Aerial photographs and historical records provide longer 

term perspectives on regional ice margin changes. Kjær et al. [2012] show el-

evation changes of marginal ice in NW Greenland for 1985-2005 and 2005-

2010 and reveal a dramatic increase in the rate of thinning in the latter time 

period. Bjørk et al. [2012] utilize historic aerial photography dating back to 

the 1930s to build a record of retreat, advance, and further retreat of Green-



	  

 

4 

land’s SE ice margin at nearly decadal temporal resolution. In the 1930s re-

gional warming triggered a retreat, although the current (2000-2010) scale of 

retreat is far greater [Bjørk et al., 2012]. Csatho et al. [2008] use historical 

records and aerial photography, paired with recently acquired satellite data to 

build a detailed history of thinning and retreat of the Jakobshavn Isbræ glacier 

in western Greenland throughout the 20th and 21st centuries. Thinning and re-

treat occurred here in pulses of relatively rapid change amidst periods of 

slower change, likely in response to regional warming [Csatho et al., 2008]. A 

cooling trend caused the glacier to thicken and advance from 1985-1997 but 

since the late 1990s, warming in the region has triggered rapid thinning and 

retreat that began in the late 1990s and continues through today [Csatho et al., 

2008; Holland et al., 2008; Briner et al., 2011; Neilsen et al., 2013]. 

 

2.2   Marginal Trimzone Mapping and the Age of its Outer Limit 

In order to reach further back in time, past glacier margin positions can 

be inferred from indicators in the recently deglaciated landscape. Moraine 

mapping, cosmogenic and radiocarbon dating, as well as analyses of sediment 

cores from lakes, constrain century- to millennial-scale ice margin positions. 

A Holocene record of ice retreat in Greenland has been inferred from a com-

bination of these techniques. General retreat dominates the Holocene and oc-

curs in pulses that are also punctuated by periods of cooling and readvance 

[Ten Brink and Weidick, 1974; Csatho et al., 2008; Briner et al., 2010, 2011; 
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Young et al., 2011; Kelley et al., 2012]. The most recent advance occurred 

during the LIA from about the 14th to 19th centuries [Grove, 2001]. The LIA 

was a period of general cooling in the northern hemisphere in which tempera-

tures were about 1 ˚C colder than today [Dahl Jensen et al., 1998; Lemke et 

al., 2007]. Climate proxies and temperature records indicate that temperatures 

began to increase around 1850 C.E., ending the LIA [Dahl Jensen et al., 1998; 

Mann et al., 2009; Ljungqvist et al., 2012] but, as expected, the GrIS exhibited 

a lagged response of its glacier extent to post-LIA warming [Weidick, 1968; 

Box et al., 2009; Box and Colgan, 2013]. 

The LIA maximum extent of the GrIS is observed as the sharp vegeta-

tion boundary roughly parallel to the present ice margin that is called the trim-

line. The trimline separates mature lichen-dominated growth on bedrock and 

older glacial deposits from the recently exposed proglacial land whose vegeta-

tion was scraped away by the movement of the overriding glacier [Flint, 1971; 

Beschel and Weidick, 1973; Csatho et al., 2005, 2008]. In western Greenland 

the crust lichen Rhizocarpon spp. is the dominant species whose growth in its 

first seven decades is especially slow; maximum growth has been measured 

on moraines dated to around 1000 years in age [Beschel and Weidick, 1973]. 

Due to lichen’s slow establishment and growth rate on newly exposed rock 

surfaces, the land areas exposed in the century since the LIA maximum, called 

trimzones, exhibit very little lichen regrowth. Thus the trimzones maintain a 
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visible and obvious difference from lichen-covered land that was not glaciated 

during the LIA glacial advance.  

Historical records suggest that the LIA maximum occurred between 

1880 and 1890 C.E. in western Greenland [Beschel and Weidick, 1973]. Ten 

Brink and Weidick [1974] examine Holocene glacier fluctuations in West 

Greenland, East Greenland, and the eastern Canadian Arctic and find similari-

ty in glacier response, indicative of climatic change affecting the entire region. 

They postulate that the LIA maximum for the whole island of Greenland can 

be constrained to the years 1880-1920 C.E. Their conclusion is largely based 

on historical records, moraine mapping, and lichen dating in West Greenland, 

but is accepted to represent the timing across the GrIS as a whole [Ten Brink 

and Weidick, 1974]. Further, Björnsson et al. [2013] report similarity in the 

onset of the post-LIA recession of Icelandic glaciers, which began in the 

1890s C.E.  

To measure the GrIS response to the transition from the LIA, Box and 

Colgan [2013] use meteorological station and ice core data combined with re-

gional climate model output to produce a reconstruction of GrIS total mass 

balance for the time period 1840 to 2010 C.E. Their results indicate that the 

GrIS maintains near zero mass balance through the end of the 19th century. 

Around the year 1900 C.E., the ice sheet mass balance becomes negative, a 

state that dominates the remainder of the century and continues to 2010, the 

end of the observation period. The switch to mass deficit in 1900 C.E. is due 
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to an increase in runoff and a decrease in accumulation. In the year 1900 C.E. 

the GrIS begins contributing to sea level rise following the near zero trend in 

sea level contribution from 1840 to 1900 C.E. Henceforth, we assume that the 

sharp transition from negative to positive sea level contribution around 1900 

C.E. represents the most likely timing for the LIA maximum extent of the 

GrIS margins, which then switch to retreat mode [Box and Colgan, 2013]. 

A decadal time scale of the response of GrIS surface mass balance and 

runoff is observed in the Box and Colgan [2013] study. They find 11 and 13 

years to be the peak sensitive time scales for surface mass balance and runoff, 

respectively [Box and Colgan, 2013]. The Box and Colgan [2013] study, his-

torical records, moraine mapping, and lichen dating help to constrain the tim-

ing of the LIA maximum to around the year 1900 C.E. with an uncertainty of 

10 to 20 years. For the purposes of our study the LIA maximum glacial extent, 

as represented by the outer limit of the marginal trimzone in Greenland, is 

considered to have occurred in the year 1900 ± 13 years C.E.  

 

 

3 STUDY AREA 

Our study examines the area loss of the main body of the GrIS, which is also 

referred to as the inland ice, since the LIA glacial maximum (Figure 1). The inland 

ice area loss along the land-terminating margins of the ice sheet is expressed as trim-

zones, whose area is bounded on the inside by the current ice sheet margin and on the 
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outside by the vegetation trimline that roughly parallels the ice sheet edge [Weidick, 

1968; Csatho et al., 2005, 2008; Kelley el at., 2012]. Trimzones are also present along 

marine fjord walls and on land surrounding lakes that are adjacent to the inland ice, 

which indicate area loss along marine- and lake-terminating ice margins. The water-

covered ice margins are also examined in our study of inland ice area loss (Figure 2). 

Greenland also hosts smaller ice caps and isolated glaciers not connected to 

the inland ice that contain LIA trimzone areas [Weidick, 1968; Citterio et al., 2009] 

but are not included in this study. 

 

 

4 METHODS 

 

4.1 Satellite Imagery 

We observe the GrIS margins on satellite imagery collected from three 

sensors: Landsat, ASTER, and WorldView, as described below.  

  

4.1.1  Landsat ETM+ 

This study uses Landsat ETM+ (also referred to as Landsat 7) 

scenes downloaded from the USGS Global Visualization Viewer 

(GloVis) website (glovis.usgs.gov; Figure 1). The cross track coverage 

of the Landsat ETM+ sensor is 183 km, providing scene footprints of 

approximately 180 km × 180 km [Markham et al., 2004]. Eight spec-
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tral bands are composed of three bands in the visible spectrum (0.452-

0.514, 0.519-0.601, and 0.631-0.692 µm), one band in the near-

infrared (0.772-0.898 µm), and two bands in the middle-infrared 

(1.547-2.346 µm) with spatial resolutions of 30 m; one thermal band 

(10.31-12.36 µm) with a spatial resolution of 60 m; and one panchro-

matic band (0.515-0.896 µm) with a spatial resolution of 15 m [Chan-

dler et al., 2009].  

Boreal summer images of the ice sheet perimeter and adjacent 

land are selected based on their lack of cloud and snow coverage. Im-

ages from the boreal summers of 2012, 2011, and 2010 make up 91% 

of the 224 images used to build the ice sheet perimeter coverage, with 

2012 images being the majority. Few images gathered in boreal sum-

mers of 2009 and 2007 supplement the coverage where 2010-2012 

mostly clear images are not available (Table 2). The mean year of the 

Landsat images used is 2011 with a standard deviation of 1 year. 

An additional scene of southern Greenland collected in August 

1992 from the Landsat 5 Thematic Mapper (TM) sensor is used in a 

case study of area loss rate comparisons from the LIA to 1992 and 

from 1992 to the present. The case study is explained further in Sec-

tions 4.1.3 and 5.2.3. 
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4.1.1.1 Mosaicking 

Images used in this study were collected after the 2003 

Landsat 7 scan line corrector failure [Markham et al., 2004]. 

The images used contain stripes of no data, which are mostly 

eliminated when multiple images of the same location (separat-

ed by as little time as possible), are mosaicked one on top of 

the other. The mosaicking program in the ENVI remote sensing 

software ignores values of no data so stripes are filled in with 

data from the underlying image(s). This method is also used in 

Howat and Eddy [2011]. 

 

4.1.1.2 Multispectral Displays 

Band combinations using Landsat ETM+ visible and 

near-infrared bands are used to highlight spectral differences 

between ice, snow, water, land, and vegetation. Chiefly, the 

Landsat bands 4 (near-infrared), 3 (visible, red), and 2 (visible, 

green) displayed in the Red-Green-Blue combination, respec-

tively, show great contrast between ice and land. In this combi-

nation, which is also called the visible near-infrared (VNIR) 

display, vegetation, having a high reflectance in the near-

infrared, appears red [Knipling, 1970]. Extensive vegetative 

cover on red-colored land is distinct from land without signifi-
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cant vegetation, which appears gray or brown, sometimes with 

a faint red tint (Figure 2).  

Field studies have documented that lichen-dominated 

vegetation is widespread on ice-free land in Greenland and that 

coverage of mature lichen specimens serves as an indicator of 

unglaciated land during the LIA [Beschel and Weidick, 1973; 

Csatho et al., 2005]. Since new lichen growth is slow to estab-

lish, specimens are small and scattered, thus do not express a 

strong spectral signature on the recently exposed land [Beschel 

and Weidick, 1973]. The sharp transition from relatively high-

biomass vegetation to very little vegetation on land parallel to 

the current ice sheet edge is the outer trimzone boundary (the 

trimline) that we map on the Landsat band 4-3-2 combination 

(Figure 2).  

 

4.1.2  WorldView 

Very high spatial resolution WorldView imagery supplied by 

University of Minnesota’s Polar Geospatial Center supplements our 

study. A mosaic of images of the Jakobshavn Isbræ region collected in 

the boreal summer months of the years 2009-2011 is used as a refer-

ence to test the accuracy of our Landsat-mapped ice edge, discussed in 

Section 5.1 (Figure 3). The WorldView mosaic is composed of pan-



	  

 

12 

chromatic images that have spatial resolution of 0.5 m [Alkan et al., 

2013].  

 

4.1.3 ASTER 

As part of the more in depth look at the longer- and shorter-

term area loss and retreat rates in South Greenland mentioned in Sec-

tion 4.1.1, a scene from the Advanced Spaceborne Thermal Emission 

and Reflection Radiometer (ASTER) sensor collected in August 2000 

and downloaded from the GloVis website, supplements our study. The 

ASTER scene has a footprint of approximately 60 km × 60 km. We 

utilize the three VNIR bands of the sensor (bands 1, 2, and 3N), col-

lecting spectral information from wavelengths 0.556-0.807 µm with 

spatial resolutions of 15 m [Sakuma et al., 2005]. The ASTER scene 

from 2000 accompanies the 1992 and 2012 Landsat scenes of the same 

area in a case study of the local changing area loss and retreat rates 

(Figure 4). 

 

4.2 Mapping Inland Ice Area Loss 

The data collection of the inland ice area loss is performed in two 

stages: first, mapping the land area exposed since the LIA maximum ex-

pressed as trimzones, and second, mapping the marine and lake zones of ice 

sheet area loss as interpreted from the trimzone mapping.  
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4.2.1 Mapping Area Loss on Land  

Trimzones, which represent the ice area loss on land, are 

mapped on the Landsat image mosaics displayed in the 4-3-2 band 

combination in ENVI. Using the vector polygon tool one observer vis-

ually determines and manually digitizes the trimzones, producing 

many enclosed polygons along the ice sheet margin. Trimzones are of-

ten mapped as long, thin polygons that follow the trend of the current 

ice edge (Figure 2). The areas enclosed by the polygons, when 

summed together, give the horizontal land surface area exposed by re-

treating glaciers since the LIA maximum. Trimzones are thinner in ar-

eas of little ice sheet retreat and/or steep topography and wider in areas 

of large ice sheet retreat and/or low relief. Some steep north-facing 

slopes exhibit shadows along the ice margins they border. We are not 

able to observe trimzones in the shadowed regions so they are not 

mapped if they are present but we estimate that unobserved trimzones 

in shadows account for less than 1% of the total ice sheet area loss, 

which is insignificant relative to the scale of our study. Trimzones on 

nunataks within the inland ice are mapped as part of this study. 

Some glacial outwash plains, very steep slopes, and land with 

nearly year-round snow cover resemble trimzone areas in the VNIR 

color display but are determined not to be trimzones since they lack 
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the position and similar manifestation of trimzones in the local setting. 

Conversely, some trimzones include patches of red in the VNIR dis-

play that are determined to be red due to the presence of annual grassy 

or tundra vegetation that established on the recently unglaciated land 

faster than lichen communities. The red patches from the grassy and 

tundra vegetation do not exhibit patterns related to the LIA maximum 

extent of the ice sheet, therefore are included in a trimzone if a sharper 

trimline is observed outside their extents. We review scientific litera-

ture of more in depth studies along smaller portions of the ice sheet, 

maps of ice sheet extent, and higher resolution imagery on Google 

Earth where available to compare and augment our trimzone mapping 

[Weidick, 1968, 1995; Weidick et al., 2004; Csatho et al., 2005, 2008; 

Howat and Eddy, 2011; Johannessen et al., 2011; Bjørk et al., 2012; 

Kargel et al., 2012; Kelley et al., 2012; Kjær et al., 2012; Citterio and 

Ahlstrøm, 2013; Lea et al., 2014].  

The method of manual digitation allows for careful determina-

tion of trimzone areas where they may or may not be exhibited in their 

usual form. We realize human biases are inherent in manual analyses, 

thus biases are calculated and included in our measurement errors. The 

error analysis is discussed in Section 5.1. 
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4.2.2 Mapping Area Loss of Marine and Lake Zones 

The second stage of data collection focuses on the zones of ice 

sheet area loss along the marine- and lake-terminating margins, which 

are termed marine and lake zones, respectively. A second observer 

performs this mapping. Since trimzones are only visible on land, the 

water-covered areas of ice sheet area loss are interpreted by trimzones 

mapped on the surrounding land. For example, the marine zone of a 

glacier that outlets into an ocean-connected fjord is interpreted to en-

compass the area of the fjord bounded by the current ice margin, the 

trimzones mapped along the fjord walls, and a straight line drawn 

across the fjord that connects the furthest extent of each fjord wall 

trimzone (Figure 5A). The polygon is classified as a marine zone of 

ice sheet area loss. Where fjords are not present along marine-

terminating ice margins, often small islands of land near the current ice 

margin exhibit inland ice trimzones. These trimzones are distinct from 

local ice cap trimzones because they appear on the side of the island 

closest to the current ice margin, their color is consistent with trimzo-

nes on nearby coasts proximal to the inland ice, and trimzones like 

these on many neighboring islands taken together parallel the current 

ice margin. In contrast, trimzones of local ice caps generally circle the 

highest relief of a mountain range or mountainous island. We map a 

marine retreat zone polygon encompassing the marine area bordered 
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by the current ice margin and straight lines drawn between the inland 

ice trimzones on nearby islands (Figure 5B).  

Lakes present along the inland ice margins often have trimzo-

nes mapped on the land on either side of the lakes’ ice-marginal 

boundaries. We map a lake zone polygon to encompass the water-

covered area bounded by the current ice margin, the edges of the trim-

zones on either side of the lake, and a straight line connecting the far-

thest extents of trimzones on either side of the lake (Figure 6A). Trim-

zones sometimes surround the entire lake, in which case the whole sur-

face area of the lake is mapped as a lake zone of ice sheet area loss 

(Figure 6B).  

Some proglacial lakes have active filling and draining cycles 

[Kelley et al., 2012]. A lake that has drained may exhibit shorelines 

that encompass its own former highstand. These shorelines may mimic 

trimzones on the VNIR display because they are void of vegetation 

and exhibit sharp boundaries between the lake’s outer shoreline 

boundary and the surrounding vegetated land. Additionally, the shore-

lines often merge with trimzones along the surrounding ice margins, 

thus the shorelines could be misinterpreted as LIA trimzones. One area 

of significant vegetation-free land along a proglacial lake adjacent to 

the inland ice margin is Lake Tininnilik in central West Greenland, 

south of Jakobshavn Isbræ. Kelley et al. [2012] conducted studies in 
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this area and determined that the vegetation-free land surrounding the 

lake observed on 2010 imagery was due to a former highstand of the 

lake, thus it was not LIA trimzone. In our study if broader trimzones 

exist that surround the lake and extend along the lake-free margin, the 

vegetation-free areas are considered trimzones and the lake is mapped 

as a lake zone of ice sheet area loss. If the vegetation-free zone exhib-

its strong horizontality across the entire shoreline we consider this to 

be a ‘bathtub ring’ of equal elevation, which contrasts with the tenden-

cy of ice surfaces to have sloping termini. Hence, we do not include 

‘bathtub rings’ around lakes, nor the lake area, in the ice sheet area 

loss.  

The lake boundaries, associated shorelines, and trimzones are 

ambiguous in their nature and we exercise caution when determining if 

they are zones of ice sheet area loss. As with trimzone mapping, we 

review published literature, maps, and Google Earth to help determine 

the LIA maximum extent of the GrIS that is covered in water on the 

Landsat imagery we use. Furthermore, when performing the mapping 

of marine and lake zones, we believe our method of connecting trim-

zone areas with straight lines is a conservative estimate of the marine 

or lake zone area. 
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4.3  Inland Ice Area Loss by Latitude Bin 

To analyze spatial variability of inland ice area loss we define latitudi-

nal zones along the GrIS perimeter. The ice sheet is first separated into two 

parts, West and East, then divided into two-degree latitude bins spanning 60 to 

82 ˚N, the furthest northern coverage of the Landsat satellite (Figure 1). Elev-

en latitude bins make up each part (e.g., 60 – 62 ˚N, 62 – 64 ˚N, …, and 80 – 

82 ˚N in West Greenland and the same in East Greenland). Area loss in each 

latitude bin is determined by summing the area of the trimzone, lake, and ma-

rine zone polygons that lie in each bin. Area loss measurement values are 

listed in Table 1 and displayed in Figure 7. 

The time period elapsed since the LIA maximum is taken to be the 

year 1900 C.E. subtracted from 2011 (the mean year of Landsat imagery used 

in this study). The trimzone area values are divided by 111 ± 13 years to give 

a yearly area loss rate as if area loss has been constant since the LIA maxi-

mum (Table 1; Figure 9). 

 

4.4  Latitude Bin Length from NSIDC Ice Sheet Perimeter 

We convert area loss to linear retreat in order to calculate an average 

width of margin retreat in each latitude bin. This also normalizes the area loss 

values along the irregular ice sheet margin in each bin. For example, a north-

south trending segment of the ice sheet margin that is generally perpendicular 

to lines of latitude (e.g., West Greenland latitude bin 66 – 68 ˚N) is shorter 
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than another portion that bends west or east (e.g., West Greenland latitude bin 

76 – 78 ˚N), thus accounts for a shorter margin of ice sheet area loss meas-

urements. The normalization allows for latitudinal comparisons of area loss 

widths.  

The ice sheet margin length is determined for each bin from a vector 

of the GrIS perimeter acquired from the National Snow and Ice Data Center 

(NSIDC) Atlas of the Cryosphere [Maurer, 2007]. The vector of the ice sheet 

is made up of one large ice sheet polygon and many smaller polygons of ice 

caps not connected to the main body of the ice sheet. These smaller outlines 

are removed since we do not examine trimzones associated with disconnected 

ice caps. Where the main outline includes local glaciers and ice caps not ex-

amined in our study, we cut their outlines from the vector and adjust the ice 

sheet margin to follow the outline of the inland ice margin. Where the distinc-

tion between inland ice and local glaciers or ice caps is hard to determine, we 

examine the area in our study and include its outline in the margin length. The 

vector of the margin is separated into segments of length for each latitude bin. 

To determine the average horizontal retreat, we divide the area loss by the 

margin length in each latitude bin (Table 1; Figure 8). 

The horizontal retreat values are divided by the time since the LIA 

maximum to give a yearly retreat rate as if retreat has been constant since the 

LIA maximum (Table 1; Figure 9). 
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5 RESULTS 

Our results are presented following a discussion of the error analysis that de-

termines our measurement uncertainly. 

 

5.1 Error Analysis  

Inherent in our analysis is the systematic error due to the 30-m spatial 

resolution of Landsat imagery used to build our dataset. The spatial resolution 

sets a theoretical lower limit on the width of detectable ice sheet area loss 

since we are not able to map area loss zones if less that 30 m separates the 

current ice edge from the outer edge of the area loss zone. Furthermore, the 

uncertainty in the area loss measurements is dependent upon our accuracy and 

precision in mapping. Thus, we assess how accurately we map the current ice 

margin and the outer edge of an area loss zone, how precise our mapping is, 

and the human bias inherent in manual analyses. When assessing the uncer-

tainty in our horizontal retreat measurements we propagate the area loss un-

certainty with an error in the length of the ice margin determined for each lati-

tude bin. As such, when calculating the rates of area loss and retreat we assess 

uncertainty by propagating the area loss and retreat uncertainties with the er-

rors in the estimated age of the LIA maximum. The following discussion of 

error determinations describes our error analysis for each category of data 

measured: area loss, horizontal retreat, and rates of area loss and retreat. 
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5.1.1 Area Loss 

The mapping of ice sheet area loss along land and water-

terminating ice sheet margins begins with trimzone mapping on land, 

which then guides the mapping of the area loss encompassed by lake 

and marine zones. Thus, we focus our error analysis on the method of 

trimzone mapping and apply the analysis to the marine and lake zones. 

The accuracy in mapping the trimzones depends on our accuracy in 

delineating the outer trimzone margin and the inner ice edge margin. 

To measure our accuracy we compare trimzones mapped from Landsat 

imagery to field-collected GPS points of the trimline [Csatho et al., 

2005] and very high spatial resolution satellite imagery of the ice edge 

(Figure 3).  

We compare our trimline mapping to GPS points of the outer 

trimline taken as part of the 2003 field mapping campaign near Jakob-

shavn Isbræ published in Csatho et al. [2005]. This comparison quanti-

fies the mismatch between our mapping of the outer trimzone bounda-

ry and the location of this boundary defined by field observers. The 

distances from our Landsat-mapped trimline and the GPS points are 

given positive values if the points are located outside our trimline (far-

ther from the current ice margin) and negative values if they are inside 

(closer to the current ice margin). The mean offset is 54 m indicating 
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that our mapping of the outer trimzone boundary from Landsat data 

underestimates trimzone width. The standard error associated with the 

offset is 8.6 m. 

We compare our inner trimzone boundary to points along the 

ice edge collected on very high spatial resolution (0.5 m) WorldView 

imagery. The mosaic of WorldView imagery chosen for this analysis 

includes images taken during the boreal summer months, as is the case 

for our Landsat imagery, but may be separated by one to three years. 

Since ice margins can change significantly from year to year we select 

points along ice margins whose movement is not detected on Landsat 

scenes during the years of the WorldView imagery mosaic. The dis-

tances from our Landsat-mapped ice edge and the WorldView ice edge 

points are given positive values if the points are located outside our ice 

edge (farther from the outer trimline boundary) and negative values if 

they are inside (closer to the outer trimline boundary). Similar to the 

trimline delineation our mapped ice edge underestimates the inner ex-

tent of the trimzone by a mean distance of 15 m with a 3.9-m standard 

error in the measurements. The 15-m underestimation value is less 

than the 30-m pixel size of the imagery, however, we consider it valid 

because mapping can be performed with sub-pixel resolution, especial-

ly when a pixel captures surfaces with high spectral contrasts (e.g., 
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bright snow or ice and dark land or water) [Kamp et al., 2011]. The 

observer maps the ice edge through the middle of mixed pixels.   

Taken together, these underestimations of trimzone width are 

referred to as the mapping bias. To correct for the mapping bias in our 

trimzone delineation we propagate the offsets to all our results by ex-

tending the outer margin of the trimzones by 54 m and the inner mar-

gins by 15 m. This is accomplished by multiplying each underestima-

tion width by half the perimeter length of the trimzone polygons and 

adding these areas to the trimzone area measured. We use the area of 

these wider zones in our analysis. The same correction is performed 

for the areas of the lake and marine zones. The error values associated 

with the area loss measurements are calculated from the standard er-

rors of the GPS and ice edge point distances to our Landsat-mapped 

trimzones (8.6 m and 3.9 m, respectively), each multiplied by half the 

length of the trimzone polygon perimeters and summed. This error is 

referred to as the mapping error. We recognize that the field GPS data 

and WorldView imagery come from a restricted region so we report 

the uncorrected values for comparison (Table 1).  

To assess internal precision in our measurements, or our ability 

to replicate our results, we apply precision-analysis methods discussed 

in Paul et al. [2013] in which the accuracy of mapping glacier margins 

is assessed. We apply their method of repeat digitizations to six trim-
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zone areas representing diverse settings (e.g., different glacier termina-

tion types), locations around the ice sheet, and mapping challenges 

(e.g., debris-covered ice margins, snow cover, and shadowed regions). 

The standard deviations (as percent values) of five iterations for each 

of the six areas are averaged to give the internal precision error. This 

value, referred to as the measurement precision, is 6.6%. 

For continuity, one observer digitizes all trimzone areas. A se-

cond observer performs the second stage of marine and lake zone 

mapping. We compare subsets of trimzone digitations performed by 

both observers to determine a human bias in our mapping. The areas 

mapped by the two observers differ by 4.1%. Since this value is small-

er than the 6.6% measurement precision we assume that the human bi-

as is incorporated into the measurement precision.  

Total uncertainty in the area loss measurements is computed by 

propagation of errors of the two sources of error (mapping error and 

measurement precision) in which the square root of the sum of the 

squares of the errors is calculated: σA =   σmapping2 + σprecision2, where 

σ refers to measurement uncertainty and A represents area loss. The 

uncertainty in our measurements is around 7% but is a greater percent 

in areas of small, or thin, area loss zones and a smaller percent in areas 

of large, or wide, area loss zones. This is reflective of the ratio of zone 
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perimeter to the area encompassed being larger for thinner zones and 

smaller for wider zones. 

 

5.1.2  Horizontal Retreat 

The uncertainty in the averaged horizontal retreat includes the 

error in the length of the ice sheet margin by which the area loss is di-

vided to give the retreat width. The length of the GrIS margin is de-

termined from a vector of the outline of the Greenland inland ice ac-

quired from the NSIDC Atlas of the Cryosphere [Maurer, 2007]. To 

compute an uncertainty in its length, a detailed ice margin is digitized 

in-house for a 200-km (map distance) portion of the ice sheet and 

compared to the length of the NSIDC GrIS perimeter vector for the 

same 200-km section. The NSIDC length is 44.3% shorter than our 

manually digitized ice margin with a standard error in the measure-

ments of 18.1%. As described above for the underestimation of trim-

zone mapping, the length measurements for latitude-binned sections of 

the ice sheet from the NSIDC perimeter are extended by 44.3% to ac-

count for their underestimation in ice sheet length. Table 1 includes the 

uncorrected horizontal retreat values (the uncorrected area loss divided 

by the uncorrected ice sheet length), as well as the corrected values. 

The error values are calculated from the standard error of the two ice 

sheet length measurements (σL = L × 18.1%) and propagated with the 
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uncertainty in area loss to give a total uncertainty in horizontal retreat: 

σR = R σA
A

2
+ σL

L

2
, where L refers to the length of the ice sheet 

margin and R refers to the horizontal retreat. The uncertainty in the 

width of ice sheet retreat since the LIA maximum taken with the un-

certainty in the area loss is around 19%. 

 

5.1.3 Rates of Area Loss and Retreat 

The uncertainty in the rates of ice sheet area loss and retreat 

since the LIA integrates the 13 years uncertainty in the timing of the 

LIA maximum extent (discussed in Section 2.2) and the 1 year stand-

ard deviation of the dates of the Landsat images used for our mapping, 

which signifies the end of the observation period. By propagation of 

these two errors, σt = 132 + 12, where t refers to time, the uncertainty 

in the years passed since the LIA maximum (t = 111 years) is 13 years. 

The uncertainty in the rate of area loss per year since the LIA maxi-

mum propagated with the uncertainty in the area loss is around 14% 

determined by σrA = rA
σA
A

2
+ σt

t

2
, where rA refers to the rate of ar-

ea loss. The uncertainty in the rate of retreat per year propagated with 

the uncertainty in the retreat width is around 23% determined by 

σrR = rR
σR
R

2
+ σt

t

2
, where rR refers to the rate of retreat. Table 1 
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lists the uncorrected area loss and retreat rate values (uncorrected area 

loss and horizontal retreat values, respectively, divided by 111 years), 

as well as the corrected values (corrected area loss and horizontal re-

treat values, respectively, divided by 111 years). 

 

5.2 Main Results 

Our measurements quantify the land, lake, and marine area loss since 

the LIA maximum. This dataset is unique since it is built from modern day, 

high resolution satellite imagery with high temporal frequency and complete 

spatial coverage of Greenland’s margins south of 82 ˚N latitude. Hence, we 

are able to map area loss on clear, closely timed images that span the perime-

ter of the GrIS. The total area loss measured is 13,327 ± 830 km², roughly the 

size of Death Valley National Park, California’s and the contiguous United 

States’ largest national park. Horizontal retreat averaged across the ice sheet 

perimeter is 363 ± 69 m. The horizontal retreat is a distance that the entire ice 

sheet may have “stepped-back” if retreat was spatially homogeneous. Retreat 

was not likely to have been homogeneous, so the value given here is just a 

spatial average of GrIS retreat. The averaged rates of ice sheet area loss and 

retreat since the LIA maximum (1900 ± 13 C.E.) are 120 ± 16 km²/yr and 3.3 

± 0.7 m/yr, respectively. As with the horizontal retreat, these rates are aver-

aged across the entire ice sheet.   



	  

 

28 

Table 1 lists the results of the area loss, area loss rate, horizontal re-

treat, retreat rate, and associated errors. The data is given for each two-degree 

latitude bin in West and East Greenland, as well as the totals for West Green-

land, East Greenland, and all Greenland. The uncorrected and corrected values 

discussed in Section 5.1 are listed. The corrected values are discussed in the 

text and displayed in the figures. 

 

5.2.1 Area Loss  

The land, lake, and marine zones represent the area of ice sheet 

loss since the LIA maximum, thus, the LIA area of the GrIS inland ice, 

corrected for mapping bias, was 13,327 ± 830 km² larger than its cur-

rent extent. This area loss corresponds to 0.8% shrinkage of the GrIS 

inland ice. The total area loss captured along the West Greenland mar-

gin is 7,423 ± 461 km² and is 5,904 ± 370 km² along the East Green-

land margin. In West Greenland the values of area loss in each latitude 

bin range from 86 ± 6 km² in 78 – 80 ˚N latitude to 1,818 ± 113 km² in 

76 – 78 ˚N latitude. In East Greenland the values of area loss range 

from 304 ± 19 km² in 78 – 80 ˚N latitude to 791 ± 49 km² in 76 – 78 

˚N latitude (Table 1; Figure 7).  
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5.2.2 Horizontal Retreat 

The horizontal retreat of the GrIS inland ice since the LIA av-

eraged over the length of the ice sheet margin is 363 ± 69 m. The hori-

zontal retreat in West Greenland is more than double the value in East 

Greenland. For West Greenland the averaged horizontal retreat is 560 

± 107 m and for East Greenland is 251 ± 48 m. In West Greenland the 

horizontal retreat values in each two-degree latitude bin range from 

103 ± 20 m in 78 – 80 ˚N latitude to 1,485 ± 285 m in 74 – 76 ˚N lati-

tude. In East Greenland the latitude bin retreat values range from 141 

± 27 m in 70 – 72 ˚N latitude to 598 ± 114 m in 64 – 66 ˚N latitude 

(Table 1; Figure 8). The bins with the greatest horizontal retreat in-

clude glaciers with large marine zones. In West Greenland latitude bin 

74 – 76 ˚N, large marine zones are mapped near Hayes, Steenstrup, 

Nansen, Kong Oscar, and other unnamed glaciers that collectively 

contribute to the highest bin of horizontal retreat. The second highest 

horizontal retreat is measured in West Greenland latitude bin 68 – 70 

˚N predominantly from the 37-km frontal retreat of marine-terminating 

Jakobshavn Isbræ and its adjacent trimzones that are up to 9 km wide, 

the widest mapped in our study. 
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5.2.3  Rates of Area Loss and Retreat 

The area loss values are divided by the estimated time since the 

LIA maximum (111 ± 13 years) to give averaged rates of area loss 

since the LIA maximum. For all of Greenland the averaged area loss 

rate is 120.1 ± 16.0 km²/yr. The West Greenland area loss rate is 66.9 

± 8.9 km²/yr and the East Greenland area loss rate is 53.2 ± 7.1 km²/yr. 

In West Greenland the area loss rate values range from 0.8 ± 0.1 

km²/yr in 78 – 80 ˚N latitude to 16.4 ± 2.2 km²/yr in 76 – 78 ˚N lati-

tude. In East Greenland the area loss rate values range from 2.7 ± 0.4 

km²/yr in 78 – 80 ˚N latitude to 7.1 ± 0.9 km²/yr in 76 – 78 ˚N latitude 

(Table 1; Figure 9).  

The horizontal retreat values are divided by the time since the 

LIA to give averaged rates of retreat since the LIA maximum. For all 

of Greenland the averaged retreat rate is 3.3 ± 0.7 m/yr. The West 

Greenland retreat rate (5.0 ± 1.1 m/yr) is faster than East Greenland 

(2.3 ± 0.5 m/yr). In West Greenland the retreat rate values range from 

0.9 ± 0.2 m/yr in 78 – 80 ˚N latitude to 13.4 ± 3.0 m/yr in 74 – 76 ˚N 

latitude. In East Greenland the retreat rate values range from 1.3 ± 0.3 

m/yr in 70 – 72 ˚N latitude to 5.4 ± 1.2 m/yr in 64 – 66 ˚N latitude 

(Table 1; Figure 9). 
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5.2.4 South Greenland Case Study of Shorter Term Area Loss 

and Retreat Rates: Methods and Results 

Additional satellite scenes are downloaded for a region in 

South Greenland for the years 1992 and 2000 from the Landsat 5 and 

ASTER satellites, respectively, to supplement the 2012 Landsat 7 cov-

erage. The selected area contains land-terminating ice margins sepa-

rated by glaciers terminating in fjords connected to the Labrador Sea 

in the North Atlantic Ocean (Figure 4A). This area is selected because 

Landsat and ASTER satellite coverage is good at approximately deca-

dal time steps (Figure 4D, 4E, 4F) and because recent ice sheet thin-

ning has been observed in the region, but it has not experienced the 

greatest changes seen elsewhere along the ice sheet periphery [Krabill 

et al., 2004; Bamber et al., 2007; Sole et al., 2008; Schenk and Csatho, 

2012; and others]. The trimzones at this portion of the GrIS margin 

mapped on the 2012 image are relatively wide and extend along the 

limbs of the fjords yielding mappable marine zones of area loss. Sev-

eral lakes border the ice edge whose areas are surrounded by trimzo-

nes, hence the lakes are mapped as lake zones of area loss. Additional-

ly, several nunataks near the inland ice edge contain trimzones whose 

areas are included in the area loss measurement (Figure 4F).  

The position of the outer trimzone boundary mapped on the 

2012 image (Figure 4F) is clearly observed in the same position on the 
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1992 and 2000 images (Figure 4D, 4E). To map the area loss on the 

1992 and 2000 images, the original 2012 area loss polygons are copied 

and only the inner margins along the ice edges are edited to follow the 

1992 and 2000 ice extents. The 2000 ice edge lies in front of the 2012 

ice edge and the 1992 ice edge lies in front of the 2000 ice edge, each 

displaying ice margin retreat between the time periods (Figure 4B).  

The total area loss value from the 1992 image represents the 

area loss that occurs between the LIA maximum and 1992. Such is the 

case for the total area loss values on the 2000 and 2012 images, so the 

total 1992 value is subtracted from the total 2000 value and the total 

2000 value is subtracted from the total 2012 value to measure the area 

loss that occurs between each time period. These values are divided by 

the time elapsed between the acquisition dates of each satellite scene 

to yield the rates of ice sheet area loss that this region of the GrIS ex-

periences (Figure 4C). From the LIA maximum to 1992 the area loss 

rate is 1.4 ± 0.2 km²/yr and accelerates to 2.6 ± 0.4 km²/yr for the time 

period 1992 to 2000. From 2000 to 2012 the area loss rate accelerates 

further to 3.6 ± 0.4 km²/yr. 

The area loss measurements in this region cover a 174 km-long 

portion of the ice sheet margin. The area loss rates divided by the 

length of the margin yield retreat rates that can be compared to the 

rates measured along the rest of the ice sheet (Figure 4C). From the 
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LIA maximum to 1992 the South Greenland region retreats at a rate of 

8.1 ± 1.9 m/yr. From 1992 to 2000 the retreat rate accelerates to 15.2 ± 

3.5 m/yr. From 2000 to 2012 the retreat rate accelerates further to 20.7 

± 4.3 m/yr. 

 

 

6 DISCUSSION 

The data presented here elucidate the area change and change rates seen along 

different margin types (e.g., land-terminating versus marine-terminating margins) of 

the GrIS, as well as the ice sheet as a whole.  

 

6.1  Land-Terminating and Marine-Terminating Margins 

Our measurements for each two-degree latitude bin in West and East 

Greenland do not exhibit a clear latitudinal response of the GrIS retreat since 

the LIA (e.g., the more southerly latitudes do not experience greater ice sheet 

retreat than the northerly latitudes). Instead we find regional responses from 

larger geographic sections of the ice sheet margins that correspond to regions 

either dominated by land-terminating or marine-terminating margins. We sep-

arate the ice sheet into five quadrants, similar to those defined by Weidick 

[1995]. The SW quadrant encompasses West Greenland latitudes 60 – 72 ˚N, 

the NW quadrant encompasses West Greenland latitudes 72 – 78 ˚N, the 

North quadrant encompasses West and East Greenland latitudes 78 – 82 ˚N, 



	  

 

34 

the NE quadrant encompasses East Greenland latitudes 70 – 78 ˚N, and the SE 

quadrant encompasses East Greenland latitudes 60 – 70 ˚N (Figure 1).  

The SW is dominated by land-terminating margins but contains some 

marine-terminating glaciers that exhibit large retreat areas since the LIA. The-

se marine-terminating glaciers include Sermilik Bræ, Qaleragdlit sermia, and 

others in 60 – 62 ˚N; Kangiata Nunâta Sermia in 64 – 66 ˚N; Jakobshavn 

Isbræ in 68 – 70 ˚N; and Umiámáko Isbræ in 70 – 72 ˚N. The area loss and re-

treat measurements of the SW latitude bins, when compared with the rest of 

the ice sheet, are moderate, except in latitude bin 68 – 70 ˚N that contains 

Jakobshavn Isbræ. Many studies report that Jakobshavn Isbræ has retreated 

the farthest and has the highest ice velocity of all Greenland glaciers [Weidick, 

1995; Csatho et al., 2008; Joughin et al., 2008, 2014; and others]. We meas-

ure a ~ 37-km frontal retreat of Jakobshavn Isbræ since the LIA maximum 

and map trimzones up to 9 km wide on its adjacent land-terminating mar-

gins—the widest trimzones mapped in our study. Lake zones in the SW con-

tribute relatively high zones of area loss when compared with the quantities of 

lake zones in the other latitude bins. As expected, lakes zones are more signif-

icant amongst the land-terminating sectors of the ice sheet, (e.g., the SW, 

North, and NE quadrants). 

Marine-terminating glaciers dominate the NW. We measure large ma-

rine zones at Upernavik Isstrøm, Giesecke Bræer, and Ussing Bræer glaciers 

in latitude bin 72 – 74 ˚N; Hayes, Steenstrup, Nansen, Kong Oscar, and un-
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named glaciers in latitude bin 74 – 76 ˚N; and Rink, Døcker Smith, Gade, 

Harald Moltke Bræ, Tracy, and other glaciers in latitude bin 76 – 78 ˚N. The 

area loss zones from these and other marine-terminating glaciers collectively 

make the NW the quadrant with the overall highest values of area loss and re-

treat. 

The North quadrant of the GrIS margin is mostly land-terminating, ex-

cept for a few of the largest marine-terminating glaciers on the island. We ob-

serve large zones of area loss attributed to Petermann Glacier in West Green-

land latitude bin 80 – 82 ˚N. At least four large calving events of its floating 

ice tongue have been documented since the late 1950s, the largest of which (~ 

270 km² in size) occurred in 2010 [Johannessen et al., 2011]. Academy and 

Hagen Bræ glaciers in East Greenland latitude bin 80 – 82 ˚N also contribute 

significantly to the quadrant’s area loss and retreat. Humboldt Glacier in West 

Greenland latitude bin 78 – 80 ˚N is the widest marine-terminating glacier on 

the island (110 km wide) and significant retreat of its margin in recent decades 

has been measured [Box and Decker, 2011]. However, our mapping of its re-

treat is limited because its calving front is not in contact with fjord walls, nor 

are smaller islands in its vicinity, thus Humboldt Glacier does not leave clear 

signatures of retreat on nearby coasts. Similarly, trimzones associated with the 

wide marine fronts of Nioghalvfjerdsbræ and Zachariae Isstrøm in East 

Greenland latitude bin 78 – 80 ˚N are limited, however other studies have 

measured retreating fronts, thinning, and increasing ice velocities of these 
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glaciers in recent decades [Joughin et al., 2010; Box and Decker, 2011; Khan 

et al., 2014]. Our measurements in West and East Greenland latitude bins 78 – 

80 ˚N are likely underestimates. 

The NE quadrant contains mostly land-terminating glaciers with low 

to moderate area loss and retreat. Latitude bin 76 – 78 ˚N contains the large 

marine-terminating glaciers Kofoed-Hansen Bræ, Storstrømmen, and L. Bis-

trup Bræ whose retreats significantly contribute to the bin’s area loss. As with 

the SW quadrant, the NE includes measurable lake zones of area loss amongst 

its land-terminating margins. 

Glaciers in the SE quadrant are mostly marine-terminating. Retreat of 

Kangerdlugssuaq and Helheim glaciers in latitude bins 68 – 70 ˚N and 66 – 68 

˚N, respectively, contribute the most to our measured area loss in each bin. 

These glaciers along with the area loss of numerous marine-terminating glaci-

ers in the remainder of the SE bins collectively make the quadrant’s area loss 

and retreat values moderate to high, especially the retreat of glaciers flowing 

into Gyldenlove Fjord and Køge Bugt in 64 – 66 ˚N. In the SE and NW quad-

rants, lake zones of area loss are not significant contributors to the quadrants’ 

area losses. 

Other studies have compared changes of land- versus marine-

terminating Greenland glaciers since the 1970s and find small change along 

land-terminating margins but very high rates of change of many marine-

terminating glaciers [Moon and Joughin, 2008; Sole et al., 2008]. Our area 
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loss measurements are consistent with these studies. The latitude bins that en-

compass mostly land-terminating glaciers comprise the lowest area loss meas-

urements, except where the measurements are skewed by few local marine-

terminating glaciers. The quadrants that contain mostly marine-terminating 

margins have the highest area loss and retreat measurements. 

When comparing our measurements to other studies of ice sheet veloc-

ities and rates of elevation change, we find that the bins with the largest area 

loss and retreat correspond to the fastest velocities and greatest thinning 

measured along the ice sheet margins, which are the regions dominated by 

marine-terminating outlets [Rignot and Mouginot, 2012; Pritchard et al., 

2009]. It is important to note that we are comparing ice sheet processes that 

differ from what we measured but find a correlation. In Figure 10 we display 

our area loss and retreat measurements next to maps of ice sheet velocities 

(how fast the ice flows) and elevation change rates (the rates of inflation and 

deflation of the ice sheet surface) to show the correlation. For example, in 

Figure 10A the Rignot and Mouginot [2012] ice velocity map shows two large 

regions in central West and NW Greenland of fast velocities that stretch rela-

tively far into the ice sheet interior. These regions are approximately between 

68 – 70 ˚N and 72 – 78 ˚N, which are mostly composed of marine-terminating 

glaciers including Jakobshavn Isbræ in 68 – 70 ˚N. These regions correspond 

to the four latitude bins in West Greenland with the largest area loss, especial-

ly marine, and retreat measurements. The faster velocities of Petermann (West 
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Greenland latitude bin 80 – 82 ˚N), Storstrømmen (East Greenland latitude bin 

76 – 78 ˚N), and Kangerdlugssuaq (East Greenland latitude bin 68 – 70 ˚N) 

glaciers, as well as the marine-terminating outlets that make up the SE latitude 

bins from 60 – 68 ˚N, are also captured in our high area loss and retreat meas-

urements in those bins. However, due to our mapping limitations near Hum-

boldt (West Greenland latitude bin 78 – 80 ˚N), Nioghalvfjerdsbræ, and Zach-

ariae Isstrøm (East Greenland latitude bin 78 – 80 ˚N) glaciers, the fast veloci-

ties of these glaciers are not captured in our measurements. Another correla-

tion exists between the smaller area loss and retreat measurements along the 

land-terminating margins that correspond to the areas of slower ice sheet mar-

gin velocities (e.g., West Greenland latitude bins 62 – 68 ˚N and East Green-

land latitude bins 70 – 76 ˚N). The Pritchard et al. [2009] ice elevation 

change map in Figure 10B illustrates that the greatest ice sheet thinning occurs 

near Jakobshavn Isbræ and along the margins in the NW and SE quadrants, 

which each correspond to larger area loss and retreat measurements in West 

Greenland latitude bins 68 – 70 ˚N and 72 – 78 ˚N, and East Greenland lati-

tude bins 60 – 70 ˚N, respectively. 

Many studies have focused on the processes responsible for the sub-

stantial changes of the marine-terminating glaciers that the land-terminating 

margins have not expressed as rapidly (e.g., Moon and Joughin [2008], Sole et 

al. [2008], Zwally et al. [2011], and others). Understanding uncertainties sur-

rounding rapid glacial thinning and retreat are imperative when trying to 
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quantify and predict near future responses of the ice sheet to further warming 

conditions. Many of the uncertainties lie in the feedbacks pertaining to dy-

namic thinning of the margins. Dynamic thinning includes processes like ac-

celerated glacial flow velocities due to increased meltwater lubrication of the 

bed [Zwally et al., 2002]; increased driving stresses due to more steeply in-

clined, retreating glacial fronts [Howat et al., 2005]; and increased calving and 

basal thinning of outlet glaciers in contact with warming ocean waters [Hol-

land et al., 2008]. Sole et al. [2008] find that 70% of marine- and 10% of 

land-terminating marginal thinning can be attributed to dynamical responses, 

thus although ice dynamics affect marine-terminating glaciers substantially 

more than land-terminating margins, the land-terminating margins still ex-

press ice-dynamical changes. Contrarily, Tedstone et al. [2013] report that 

land-terminating margins are not susceptible to increases in flow velocity due 

to increased summer surface meltwater percolating to the base. With the in-

formation reported by Sole et al. [2008] and Tedstone et al. [2013], we postu-

late that change seen along land-terminating margins is more indicative of 

long-term regional climatic changes. 

 

6.2 Area Change and Rates of Change 

In order to place our century-scale, high resolution GrIS area change 

measurements in context with more recently measured changes, we compare 

our data to similar studies of ice area change over the satellite observation pe-
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riod. Based on collections of aerial photography from 1978 and 1987, Citterio 

and Ahlstrøm [2013] measure the total glacierized area of Greenland to be 

1,804,638 ± 2,178 km² of which 88,083 ± 1,240 km² belongs to local glaciers 

and ice caps. The total area of local glaciers and ice caps includes 67,143 ± 

1,057 km² of ice masses that are completely separate from the GrIS. We be-

lieve the area of the GrIS for which we conduct area loss studies is similar to 

the glacierized area without the separate ice masses but includes attached local 

glaciers, which is 1,737,495 km². Our measured area loss of 13,327 ± 830 km² 

equates to 0.8% reduction in the surface area of the GrIS since the LIA.  

Kargel et al. [2012] compare preliminary versions of the Citterio and 

Ahlstrøm [2013] area data adjusted to ice margins from 2011 NASA LANCE 

Rapid Response MODIS imagery. They find an area loss of 2,560 ± 260 km² 

corresponding to an area loss rate of ~ 92 km²/yr since the 1980s. We find a 

faster rate of area loss since the LIA, 120.1 ± 16.0 km²/yr, especially when 

considering that the Kargel et al. [2012] study includes area loss of ice masses 

that we do not include in our analysis. However, Kargel et al. [2012] exclude 

known glacier surges that may account for a significant portion of our results. 

Although we did not distinguish the area loss from surging outlets during our 

data collection, we can assume that the surges they refer to likely occurred in 

marine-terminating outlets. Our marine zones of area loss make up more than 

half of our total area loss measurements. We do not claim that all marine area 

loss is excluded from the Kargel et al. [2012] area loss study but acknowledge 
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its potentially large effect on our area loss rate measurement of 120.1 ± 16.0 

km²/yr. Furthermore, the slower area loss rate from Kargel et al. [2012] could 

be influenced by the relatively large MODIS pixel size (250 m) used to map 

the 2011 ice sheet margin. The larger pixel size would not capture the area 

loss zones we are able to map on the 30-m spatial resolution Landsat imagery. 

Further comparisons to late 20th- to 21st-century GrIS margin change 

are performed with studies that focus on marine-terminating glaciers. Box and 

Decker [2011] measure area losses for 39 of Greenland’s widest marine-

terminating glaciers in the 2000-2010 decade, which include the 2010 Peter-

mann Glacier calving event. These glaciers account for a total area loss of 

1,368 km² over 10 years [Box and Decker, 2011]. Although this is not a long-

term dataset, the area loss rate of the 39 marine-terminating glaciers alone 

(136.8 km²/yr) is greater than our ice sheet wide area loss rate since the LIA. 

Howat and Eddy [2011] measure increasing rates of frontal retreat for 

subsets of 210 marine-terminating glaciers during the time periods 1972 to 

1985 (mean retreat of 15 m/yr), 1985 to 2000 (mean retreat of 22 m/yr), and 

2000 to 2010 (mean retreat of 110 m/yr). The fastest retreat rate we measure 

(13.4 ± 3.0 m/yr) is in West Greenland latitude bin 74 – 76 ˚N. This region is 

dominated by marine-terminating outlet glaciers and has a retreat rate compa-

rable to the Howat and Eddy [2011] 1972-1985 mean rate for their subset of 

105 glaciers. Therefore, our fastest century-scale retreat rate is comparable to 

the retreat rate of marine outlet glaciers seen during the 1970s and 1980s. 
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Taken in context with the climate conditions of the time, although Howat and 

Eddy [2011] report a net retreat rate of 15 m/yr, the measured 1972-1985 glac-

ier changes follow a 60-year cooling period that ushered the advance of some 

glaciers. Further, Box and Colgan [2013] report that the period 1972 to 1998 

corresponds to a positive mass balance of the ice sheet, likely in response to 

the mid-20th century cooling. The signature of the positive mass balance is al-

so seen in the moderate retreat rate Howat and Eddy [2011] report for the 

1985-2000 period. Thus, marine-terminating outlets still exhibit net retreat 

amidst late 20th-century cooling and accelerate vastly in the most recent dec-

ade, which is consistent with Box and Decker [2011]. The rates measured for 

the most recent decade are an order of magnitude faster than our century-

scale, ice sheet-wide rate. 

We observe increasing rates of change along the subset of mixed ma-

rine- and land-terminating South Greenland ice sheet margin that we measure 

for the time periods LIA maximum to 1992 (8.1 ± 1.9 m/yr), 1992 to 2000 

(15.2 ± 3.5 m/yr), and 2000 to 2012 (20.7 ± 4.3 m/yr). Our data is consistent 

with the acceleration Howat and Eddy [2011] measure, even though it does 

not represent the greatest changes seen elsewhere across the ice sheet margins. 

While the Kargel et al. [2012] dataset is a conservative, albeit similar, 

dataset to compare to, data solely of marine-terminating outlets offer infor-

mation that represent the largest, fastest, and most variable marginal changes 

not dampened by smaller changes seen along the land-terminating margins. 
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Results from our study are comparable to the ice-sheet wide area loss study, 

but, as expected, are much smaller than the marine-terminating glacier change 

studies from the late 20th to 21st centuries.   

 

 

7 CONCLUSION 

We measure 0.8% shrinkage of the GrIS inland ice since the LIA, an area loss 

of 13,327 ± 830 km². The areas of greatest retreat are along marine-terminating out-

lets, especially in the NW. Land-terminating margins exhibit measureable retreat in 

the century since the LIA maximum and it is important to consider their effect in 

dampening the ice sheet-wide area loss rates. Furthermore, the GrIS margins exhibit a 

lagged response to changing temperatures on the order of a decade, suggesting that 

the unprecedented 2000-2010 retreat of the GrIS margins is in response to late 20th-

century warming. The most recent decade has experienced further warming, especial-

ly in the high latitudes [IPCC, 2013], hence near future retreat of the GrIS could con-

tinue at its unprecedented rate. However, we find that recent decadal rates of change 

are higher than the century-scale average determined in our study. 

  



Figure 1: Regional map of Greenland divided into two-degree latitude bins 
and five quadrants. Background image is a mosaic of Landsat 7 images 
compiled by the University of New Hampshire EOS. Red letters are the 
following: “SGr”=South Greenland case study, “KNS”=Kangia Nunâta ser-
mia, “JI”=Jakobshavn Isbræ, “UI”=Upernavik Isstrøm, “Ha”=Hayes 
Gletscher, “R”=Rink Gletscher, “Hu”=Humboldt Gletscher, “P”= Petermann 
Gletscher, “A”=Academy Gletscher, “N”=Nioghalvfjerdsbræ, “ZI”=Zach-
ariae Isstrøm, “S”=Storstrømmen, “LB”=L. Bistrup Bræ, “K”=Kangerd-
lugssuaq, “He”=Helheim, “KB”=Køge Bugt, “GF”= Gyldenløve Fjord. 
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B. 

A. 

Figure 2: Trimzone mapping ex-
ample. (A.) Visible near-infrared 
(VNIR) false color display of 
Sarqardliup sermia and Alán-
gordliup sermia (south of Jakob-
shavn Isbræ) without trimzone 
mapping. (B.) Trimzone (red), 
lake (yellow), and marine (blue) 
zones of area loss mapped. 
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Figure 3: Example of trimzone 
mapping corrections. The image 
is a 0.5-m resolution panchro-
matic band WorldView mosaic of 
central West Greenland (north of 
Jakobshavn Isbræ). Landsat-
mapped trimzones are overlain in 
red. 
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A. 

   Land (trim)zone 

   Trimline GPS point 

   Ice edge correction point 

0          250                    500 
 
m 

red. The green-circled asterisk is a field-mapped GPS point of the outer trim-
line. The light blue-circled asterisk is a WorldView-mapped ice edge location.  



Figure 4: South Greenland case study. 
(A.) 1992 Landsat 5 image showing all 
1992, 2000, and 2012 area loss zones 
included in the case study. (B.) Close-
up of area in black box on (A.) with 
1992, 2000, and 2012 area loss zones. 
rates.  
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   1992 area loss zones 
   2000 area loss zones 
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Scale bar  
for (B.), (D.), 
(E.), and (F.). 
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(C.) Graph of area loss and retreat rates. (D.) Close-up of 1992 Landsat 5 image 
with 1992 area loss zones. (E.) Close-up of 2000 ASTER image with 2000 area 
loss zones. (F.) Close-up of 2012 Landsat 7 image with 2012 area loss zones. 



Figure 5: Examples of marine 
zones of area loss, mapped in blue. 
(A.) Sermilik Bræ and Qaleragdlit 
sermia glaciers in South Greenland 
terminating in ocean-connected 
fjords. Trimzones on the fjord 
walls 

Hayes Gletscher 

Qaleragdlit sermia 
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B. 

A. 

walls indicate the LIA extent of the glaciers in the fjords. (B.) Unnamed 
glaciers south of Hayes Gletscher in NW Greenland with trimzones on 
nearby islands indicating the LIA extent of the marine-terminating glaciers.  
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Figure 6: Examples of lake 
zones of area loss, mapped in 
yellow. (A.) Isortuarssûp sermia 
glacier in SW Greenland with 
lake-terminating margins. Trim-
zones along lake edges indicate 
the 
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B. 

A. 

Isortuarssûp sermia 

Kangaussarssûp sermia 

A.	  
B.	  

   Land (trim)zone 
   Lake zone 

0             5                          10 
 

km 

the LIA extent of the glacier that at least partially covered the present-day 
lake. (B.) Lakes surrounded by trimzones between Kangiata nunâta 
sermia and Kangaussarssûp sermia glaciers in SW Greenland indicating 
the LIA extent of the glaciers that are now lakes.  
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Figure 10: Graphs of area loss separated into land/trimzone (red), lake 
(yellow), and marine (blue) zones, as well as horizontal retreat (gray) per 
two-degree latitude bin in West and East Greenland. Error bars are displayed 
as black lines. (A.) With ice velocity map from Rignot and Mouginot, 
[2012] for comparison. (B.) With ice elevation change map from Prichard et 
al., [2009] for comparison. 
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Figure 10: Graphs of area loss separated into land (red), lake (yellow), and marine (blue) zones, as well as 
horizontal retreat (gray) per two-degree latitude bin in West and East Greenland. Error bars are displayed as 
black lines. (A.) With ice velocity map from Rignot and Mouginot, [2012] for comparison. (B.) With ice 
elevation change map from Prichard et al., [2009] for comparison. 
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Sensor Image Name Date
(YYYY-MM-DD)

West or 
East Latitude bin

Landsat 7 LE70010052012211EDC00 2012-07-29 E 76-78
Landsat 7 LE70010062012227EDC00 2012-08-14 E 74-76, 76-78
Landsat 7 LE70010142012227EDC00 2012-08-14 E 64-66
Landsat 7 LE70010152012227EDC00 2012-08-14 E 62-64, 64-66
Landsat 7 LE70010162012179ASN00 2012-06-27 E 62-64
Landsat 7 LE70010162012227EDC00 2012-08-14 E 62-64
Landsat 7 LE70010172012179ASN00 2012-06-27 E 60-62, 62-64
Landsat 7 LE70010172012195ASN00 2012-07-13 W & E 60-62, 62-64
Landsat 7 LE70010172012227ASN00 2012-08-14 W & E 60-62, 62-64
Landsat 7 LE70020042010212ASN00 2010-07-31 E 76-78, 78-80
Landsat 7 LE70020052010212ASN00 2010-07-31 E 76-78
Landsat 7 LE70020062011215EDC00 2011-08-03 E 74-76, 76-78
Landsat 7 LE70020172012202ASN00 2012-07-20 W 60-62; SGr
Landsat 7 LE70020172012250ASN00 2012-09-06 W 60-62; SGr
Landsat 7 LE70030042012209ASN00 2012-07-27 E 76-78, 78-80
Landsat 7 LE70030052012209EDC00 2012-07-27 E 76-78
Landsat 7 LE70030172011222EDC00 2011-08-11 W 60-62
Landsat 7 LE70030172012225EDC00 2012-08-12 W 60-62
Landsat 7 LE70040042010194ASN00 2010-07-13 E 76-78, 78-80
Landsat 7 LE70040052010194ASN00 2010-07-13 E 76-78
Landsat 7 LE70040162011181ASN00 2011-06-30 W 60-62, 62-64
Landsat 7 LE70040162012200ASN00 2012-07-18 W 60-62, 62-64
Landsat 7 LE70040172012200ASN00 2012-07-18 W 60-62
Landsat 7 LE70040172012232EDC00 2012-08-19 W 60-62
Landsat 7 LE70050042011204EDC00 2011-07-23 E 76-78, 78-80
Landsat 7 LE70050052012191EDC00 2012-07-09 E 76-78
Landsat 7 LE70050152012207EDC00 2012-07-25 W 62-64, 64-66
Landsat 7 LE70050162010233EDC00 2010-08-21 W 60-62, 62-64
Landsat 7 LE70060042010208EDC00 2010-07-27 E 76-78, 78-80
Landsat 7 LE70060142012182EDC00 2012-06-30 W 64-66, 66-68
Landsat 7 LE70060152012198EDC00 2012-07-16 W 62-64, 64-66
Landsat 7 LE70070032007223EDC00 2007-08-11 E 78-80
Landsat 7 LE70070042012189EDC00 2012-07-07 E 76-78, 78-80
Landsat 7 LE70070132011234EDC00 2011-08-22 W 66-68
Landsat 7 LE70070142011234EDC00 2011-08-22 W 64-66, 66-68
Landsat 7 LE70070142012205EDC00 2012-07-23 W 64-66, 66-68
Landsat 7 LE70080032010190EDC00 2010-07-09 E 78-80
Landsat 7 LE70080122012164EDC00 2012-06-12 W 68-70, 70-72
Landsat 7 LE70080132011225EDC00 2011-08-13 W 66-68
Landsat 7 LE70080142011225EDC00 2011-08-13 W 64-66, 66-68
Landsat 7 LE70090032011200EDC00 2011-07-19 E 78-80
Landsat 7 LE70090112012171EDC00 2012-06-19 W 70-72
Landsat 7 LE70090122012171EDC00 2012-06-19 W 68-70, 70-72
Landsat 7 LE70100022009201EDC00 2009-07-20 E 78-80
Landsat 7 LE70100032009201EDC00 2009-07-20 E 78-80
Landsat 7 LE70100102012178ASN00 2012-06-26 W 70-72
Landsat 7 LE70100112012178ASN00 2012-06-26 W 70-72
Landsat 7 LE70110022011198EDC00 2011-07-17 E 78-80
Landsat 7 LE70110032011198EDC00 2011-07-17 E 78-80
Landsat 7 LE70110102011230EDC00 2011-08-18 W 70-72

Table 2: Inventory of images



56

Sensor Image Name Date
(YYYY-MM-DD)

West or 
East Latitude bin

Table 2: Inventory of images (continued)

Landsat 7 LE70110102012233EDC00 2012-08-20 W 70-72
Landsat 7 LE70120022012192ASN00 2012-07-10 E 78-80
Landsat 7 LE70120102012208ASN00 2012-07-26 W 70-72
Landsat 7 LE70120102012240EDC00 2012-08-27 W 70-72
Landsat 7 LE70120112012176ASN00 2012-06-24 W 70-72
Landsat 7 LE70130022011196ASN00 2011-07-15 E 78-80
Landsat 7 LE70130092012199EDC00 2012-07-17 W 70-72, 72-74
Landsat 7 LE70130092012215ASN00 2012-08-02 W 70-72, 72-74
Landsat 7 LE70130102012199EDC00 2012-07-17 W 70-72
Landsat 7 LE70140022007224EDC00 2007-08-12 E 78-80
Landsat 7 LE70140092010232ASN00 2010-08-20 W 70-72, 72-74
Landsat 7 LE70140092012190ASN00 2012-07-08 W 70-72, 72-74
Landsat 7 LE70150022010191ASN00 2010-07-10 E 78-80
Landsat 7 LE70150092011178EDC00 2011-06-27 W 70-72, 72-74
Landsat 7 LE70150092012165ASN00 2012-06-13 W 70-72, 72-74
Landsat 7 LE70160022010182EDC00 2010-07-01 E 78-80
Landsat 7 LE70160082011217EDC00 2011-08-05 W 72-74
Landsat 7 LE70170012011208EDC00 2011-07-27 E 80-82
Landsat 7 LE70170022011208EDC00 2011-07-27 E 78-80
Landsat 7 LE70170082009218EDC00 2009-08-06 W 72-74
Landsat 7 LE70170082010189ASN00 2010-07-08 W 72-74
Landsat 7 LE70170082012243ASN00 2012-08-30 W 72-74
Landsat 7 LE70180012011199EDC00 2011-07-18 E 80-82
Landsat 7 LE70180082009241EDC00 2009-08-29 W 72-74
Landsat 7 LE70180082011199EDC00 2011-07-18 W 72-74
Landsat 7 LE70190012012209ASN00 2012-07-27 E 80-82
Landsat 7 LE70190072009216EDC00 2009-08-04 W 74-76
Landsat 7 LE70190072009232EDC00 2009-08-20 W 74-76
Landsat 7 LE70200072010226EDC00 2010-08-14 W 74-76
Landsat 7 LE70200072012200ASA00 2012-07-18 W 74-76
Landsat 7 LE70210012010201EDC00 2010-07-20 E 80-82
Landsat 7 LE70210072011188ASN00 2011-07-07 W 74-76
Landsat 7 LE70210072012191ASA00 2012-07-09 W 74-76
Landsat 7 LE70220012011195EDC00 2011-07-14 E 80-82
Landsat 7 LE70220062012214ASN00 2012-08-01 W 74-76, 76-78
Landsat 7 LE70230062011218EDC00 2011-08-06 W 74-76, 76-78
Landsat 7 LE70240012010190ASN00 2010-07-09 E 80-82
Landsat 7 LE70240062010238EDC00 2010-08-26 W 74-76, 76-78
Landsat 7 LE70250012010181ASN00 2010-06-30 E 80-82
Landsat 7 LE70250012011184EDC00 2011-07-03 E 80-82
Landsat 7 LE70250062009194EDC00 2009-07-13 W 74-76, 76-78
Landsat 7 LE70260012009201ASN00 2009-07-20 E 80-82
Landsat 7 LE70260062011207EDC00 2011-07-26 W 74-76, 76-78
Landsat 7 LE70270012010179ASN00 2010-06-28 E 80-82
Landsat 7 LE70270062007235EDC00 2007-08-23 W 74-76, 76-78
Landsat 7 LE70280012012192ASN00 2012-07-10 E 80-82
Landsat 7 LE70280052011189ASN00 2011-07-08 W 76-78
Landsat 7 LE70280062011237ASN00 2011-08-25 W 74-76, 76-78
Landsat 7 LE70290052010209ASN00 2010-07-28 W 76-78
Landsat 7 LE70290052012183ASN00 2012-07-01 W 76-78
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Sensor Image Name Date
(YYYY-MM-DD)

West or 
East Latitude bin

Table 2: Inventory of images (continued)

Landsat 7 LE70290062012183ASN00 2012-07-01 W 74-76, 76-78
Landsat 7 LE70300052009197EDC00 2009-07-16 W 76-78
Landsat 7 LE70300052012190ASN00 2012-07-08 W 76-78
Landsat 7 LE70300062010184ASN00 2010-07-03 W 74-76, 76-78
Landsat 7 LE70310012011194EDC00 2011-07-13 W 80-82
Landsat 7 LE70310052009204EDC00 2009-07-23 W 76-78
Landsat 7 LE70310052012197ASN00 2012-07-15 W 76-78
Landsat 7 LE70320012011201EDC00 2011-07-20 W 80-82
Landsat 7 LE70320042011185EDC00 2011-07-04 W 76-78, 78-80
Landsat 7 LE70320042012188ASN00 2012-07-06 W 76-78, 78-80
Landsat 7 LE70320052007222EDC00 2007-08-10 W 76-78
Landsat 7 LE70320052012188ASN00 2012-07-06 W 76-78
Landsat 7 LE70330012010189EDC01 2010-07-08 W 80-82
Landsat 7 LE70330032012211EDC00 2012-07-29 W 78-80
Landsat 7 LE70330042009202EDC00 2009-07-21 W 76-78, 78-80
Landsat 7 LE70330042010189EDC01 2010-07-08 W 76-78, 78-80
Landsat 7 LE70330052010189EDC01 2010-07-08 W 76-78
Landsat 7 LE70340012012186ASN00 2012-07-04 W 80-82
Landsat 7 LE70340012012202ASN00 2012-07-20 W 80-82
Landsat 7 LE70340022012202ASN00 2012-07-20 W 78-80, 80-82
Landsat 7 LE70340032012186ASN00 2012-07-04 W 78-80
Landsat 7 LE70340032012202ASN00 2012-07-20 W 78-80
Landsat 7 LE70340042011183EDC00 2011-07-02 W 76-78, 78-80
Landsat 7 LE70340042011199EDC00 2011-07-18 W 76-78, 78-80
Landsat 7 LE70340052011199EDC00 2011-07-18 W 76-78
Landsat 7 LE70350012011190EDC00 2011-07-09 W 80-82
Landsat 7 LE70350012012209ASN00 2012-07-27 W 80-82
Landsat 7 LE70350022011190EDC00 2011-07-09 W 78-80, 80-82
Landsat 7 LE70350032011190EDC00 2011-07-09 W 78-80
Landsat 7 LE70350042010187EDC00 2010-07-06 W 76-78, 78-80
Landsat 7 LE70360022012200ASN00 2012-07-18 W 78-80, 80-82
Landsat 7 LE70360032012200ASN00 2012-07-18 W 78-80
Landsat 7 LE70360042012184ASN00 2012-07-02 W 76-78, 78-80
Landsat 7 LE70360042012200ASN00 2012-07-18 W 76-78, 78-80
Landsat 7 LE70370022012191EDC00 2012-07-09 W 78-80, 80-82
Landsat 7 LE70370032012191EDC00 2012-07-09 W 78-80
Landsat 7 LE70370042011188EDC00 2011-07-07 W 76-78, 78-80
Landsat 7 LE70370042012191EDC00 2012-07-09 W 76-78, 78-80
Landsat 7 LE70380012011195EDC00 2011-07-14 W 80-82
Landsat 7 LE70380022011195EDC00 2011-07-14 W 78-80, 80-82
Landsat 7 LE70380022012198EDC00 2012-07-16 W 78-80, 80-82
Landsat 7 LE70380032012198EDC00 2012-07-16 W 78-80
Landsat 7 LE70390012010183EDC01 2010-07-02 W 80-82
Landsat 7 LE70390032011202EDC00 2011-07-21 W 78-80
Landsat 7 LE70400022012212ASN00 2012-07-30 W 78-80, 80-82
Landsat 7 LE70410012009194EDC00 2009-07-13 W 80-82
Landsat 7 LE70410022012187ASN00 2012-07-05 W 78-80, 80-82
Landsat 7 LE70420012009201EDC00 2009-07-20 W 80-82
Landsat 7 LE70430012010227EDC00 2010-08-15 W 80-82
Landsat 7 LE70430012012185ASN00 2012-07-03 W 80-82
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Sensor Image Name Date
(YYYY-MM-DD)

West or 
East Latitude bin

Table 2: Inventory of images (continued)

Landsat 7 LE70440012011205EDC00 2011-07-24 W 80-82
Landsat 7 LE72250112012212EDC00 2012-07-30 E 68-70, 70-72
Landsat 7 LE72260102010213EDC00 2010-08-01 E 70-72
Landsat 7 LE72270102009201EDC00 2009-07-20 E 70-72
Landsat 7 LE72270102012226EDC00 2012-08-13 E 70-72
Landsat 7 LE72280102012217EDC00 2012-08-04 E 70-72
Landsat 7 LE72280112012217EDC00 2012-08-04 E 68-70, 70-72
Landsat 7 LE72280122010211EDC00 2010-07-30 E 66-68, 68-70
Landsat 7 LE72280122012217EDC00 2012-08-04 E 66-68, 68-70
Landsat 7 LE72290102012208EDC00 2012-07-26 E 70-72
Landsat 7 LE72290102012224EDC00 2012-08-11 E 70-72
Landsat 7 LE72290112012208EDC00 2012-07-26 E 68-70, 70-72
Landsat 7 LE72290122011221EDC00 2011-08-09 E 66-68, 68-70
Landsat 7 LE72290122012240ASN00 2012-08-27 E 66-68, 68-70
Landsat 7 LE72300082010225ASN00 2010-08-13 E 72-74
Landsat 7 LE72300082011196EDC00 2011-07-15 E 72-74
Landsat 7 LE72300092012231EDC00 2012-08-18 E 70-72, 72-74
Landsat 7 LE72300102012215EDC00 2012-08-02 E 70-72
Landsat 7 LE72300102012231EDC00 2012-08-18 E 70-72
Landsat 7 LE72300112012215EDC00 2012-08-02 E 68-70, 70-72
Landsat 7 LE72300112012231EDC00 2012-08-18 E 68-70, 70-72
Landsat 7 LE72300122012215EDC00 2012-08-02 E 66-68, 68-70
Landsat 7 LE72300122012231EDC00 2012-08-18 E 66-68, 68-70
Landsat 7 LE72300132012199EDC00 2012-07-17 E 64-66, 66-68
Landsat 7 LE72300132012215EDC00 2012-08-02 E 64-66, 66-68
Landsat 7 LE72310072011203EDC00 2011-07-22 E 74-76
Landsat 7 LE72310082011219EDC00 2011-08-07 E 72-74
Landsat 7 LE72310092011219EDC00 2011-08-07 E 70-72, 72-74
Landsat 7 LE72310102011203EDC00 2011-07-22 E 70-72
Landsat 7 LE72310102012206EDC00 2012-07-24 E 70-72
Landsat 7 LE72310122012190EDC00 2012-07-08 E 66-68, 68-70
Landsat 7 LE72310122012222EDC00 2012-08-09 E 66-68, 68-70
Landsat 7 LE72310132011219EDC00 2011-08-07 E 64-66, 66-68
Landsat 7 LE72310132012222EDC00 2012-08-09 E 64-66, 66-68
Landsat 7 LE72310142012222EDC00 2012-08-09 E 64-66
Landsat 7 LE72310142012254EDC00 2012-09-10 E 64-66
Landsat 7 LE72320062012213EDC00 2012-07-31 E 74-76, 76-78
Landsat 7 LE72320072012229EDC00 2012-08-16 E 74-76
Landsat 7 LE72320082012197EDC00 2012-07-15 E 72-74
Landsat 7 LE72320092012197EDC00 2012-07-15 E 70-72, 72-74
Landsat 7 LE72320092012213EDC00 2012-07-31 E 70-72, 72-74
Landsat 7 LE72320102012197EDC00 2012-07-15 E 70-72
Landsat 7 LE72320102012245EDC00 2012-09-01 E 70-72
Landsat 7 LE72320112012229EDC00 2012-08-16 E 68-70, 70-72
Landsat 7 LE72320112012245EDC00 2012-09-01 E 68-70, 70-72
Landsat 7 LE72320122012229EDC00 2012-08-16 E 66-68, 68-70
Landsat 7 LE72320122012245EDC00 2012-09-01 E 66-68, 68-70
Landsat 7 LE72320132012229EDC00 2012-08-16 E 64-66, 66-68
Landsat 7 LE72320132012245EDC00 2012-09-01 E 64-66, 66-68
Landsat 7 LE72320142012197EDC00 2012-07-15 E 64-66
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Sensor Image Name Date
(YYYY-MM-DD)

West or 
East Latitude bin

Table 2: Inventory of images (continued)

Landsat 7 LE72320142012245EDC00 2012-09-01 E 64-66
Landsat 7 LE72320152012245EDC00 2012-09-01 E 62-64, 64-66
Landsat 7 LE72320162012197EDC00 2012-07-15 E 62-64
Landsat 7 LE72320162012245EDC00 2012-09-01 E 62-64
Landsat 7 LE72320172012245EDC00 2012-09-01 E 60-62, 62-64
Landsat 7 LE72320182012213EDC00 2012-07-31 E 60-62
Landsat 7 LE72320182012245EDC00 2012-09-01 E 60-62
Landsat 7 LE72330052011185EDC00 2011-07-04 E 76-78
Landsat 7 LE72330062011217EDC00 2011-08-05 E 74-76, 76-78
Landsat 7 LE72330072012220EDC00 2012-08-07 E 74-76
Landsat 7 LE72330082011217EDC00 2011-08-05 E 72-74
Landsat 7 LE72330132012172EDC00 2012-06-20 E 64-66, 66-68
Landsat 7 LE72330132012252EDC00 2012-09-08 E 64-66, 66-68
Landsat 7 LE72330142010214EDC00 2010-08-02 E 64-66
Landsat 7 LE72330142012204EDC00 2012-07-22 E 64-66
Landsat 7 LE72330152011217EDC00 2011-08-05 E 62-64, 64-66
Landsat 7 LE72330152012236EDC00 2012-08-23 E 62-64, 64-66
Landsat 7 LE72330152012252EDC00 2012-09-08 E 62-64, 64-66
Landsat 7 LE72330162012236EDC00 2012-08-23 E 62-64
Landsat 7 LE72330162012252EDC00 2012-09-08 E 62-64
Landsat 7 LE72330172011217EDC00 2011-08-05 E 60-62, 62-64
Landsat 7 LE72330172012236EDC00 2012-08-23 E 60-62, 62-64
Landsat 7 LE72330182009195EDC00 2009-07-14 W & E 60-62
Landsat 7 LE72330182011265EDC00 2011-09-22 W & E 60-62
Landsat 5 LT50020171992219PAC00 1992-08-06 W 60-62; SGr
ASTER AST_L1B_000308112000145802 2000-08-11 W 60-62; SGr

WorldView GreenlandMosaic_11_05_5_3 2009 - 2011 W 68-70; Ice edge 
correction

Table 2: Inventory of images used in this study. Satellite, image name, and date of image,
are listed. Location of the image is indicated by West or East Greenland and its latitude bin
(see Figure 1). Images with both West and East or two latitude bins indicated have
coverage in each location. Images used in the South Greenland case study are indicated by
"SGr." The WorldView image was used for the ice edge correction as part of our error
analysis.
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