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Abstract. Marine-terminating outlet glaciers of the Green- 1 Introduction
land Ice Sheet have undergone substantial changes over the
past decade. The synchronicity of these changes suggestpultiple studies using a range of methods show that the
regional external forcing, such as changes in coastal oceafecent increase in the Greenland Ice Sheet's rate of mass
heat transport and/or increased surface melt and subglacigss has been due to both increased surface melting and dis-
runoff. A distinct contrast in rates of ice front retreat has charge from fast-flowing, marine-terminating outlet glaciers,
been observed between glaciers north and south®dll6&t-  predominately along the southeast and northwest coasts
itude on along the East Greenland coast. This latitude correfe.g. Krabill et al., 1999, 2004; Tapley et al., 2004; Luthcke
sponds with the northward limit of subtropical waters carried et al., 2006; Rignot and Kanagaratnam, 2006; Thomas et
by the Irminger Current, suggesting variability in ocean heatal., 2006; Pritchard et al., 2009; Velicogna and Wahr, 2006;
transport as the dominant forcing. Glacier surging, howeveryelicogna, 2009; van den Broeke, 2009). Previous studies
is yet another mechanism of change in this region. In ordemhave attributed retreat and acceleration of these glaciers to
to provide further spatial and temporal constraint on glacierchanges in ocean (e.g. Holland et al., 2008; Hanna et al.,
change across this important oceanographic transition zone009; Straneo et al., 2010) and atmospheric circulation (Box
we construct time series of thinning, retreat and flow speed okt al., 2006; Zwally et al., 2011). The observed speedup of
37 marine-terminating glaciers along the central east Greenoutlet glaciers in southeast Greenland in the early 2000's co-
land coast from 2000 to 2010. We assess this dataset for spacided with increasing trend in sea surface temperatures in
tial and temporal patterns that may elucidate the mechanismghe subpolar North Atlantic Ocean (Bersch et al., 2007; My-
of glacier change. We confirm that glacial retreat, dynami-ers et al., 2007; Thierry et al., 2008; Straneo et al., 2010).
cal thinning, and acceleration have been more pronounce@dditionally, thinning and retreat of Jakobshavn Isbree co-
south of 69 N, with a high degree of variability along the incided with a sharp increase in subsurface ocean tempera-
Blosseville Coast and little inter-annual change in Scoresbytures along Greenland’s west coast due to increased influx of
Sound. Our results support the conclusion that variabilitywarmer water originating in the Irminger Sea from the south-
in coastal ocean heat transport is the primary driver of re-east after 1996 (Holland et al., 2008; Hanna et al., 2009).
gional glacier change, but that local factors, such as surgingimilarly, Seale et al., 2011, suggests that increased subtrop-
and/or individual glacier morphology, are overprinted on this jcal water transport onto the East Greenland continental shelf
regional signal. and into glacier fjords may explain retreat, and subsequent

stabilization, of glaciers south of 68, as well as the rela-

tive stability of glaciers to the north of that latitude.

Instead of, or in addition to, to changes in the surround-
ing ocean, increased melting of glacier calving faces may
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212 K. M. Walsh et al.: Central east Greenland marine-terminating glaciers

be linked to an increase in melt water runoff due to re-and thermodynamic transition zone between the Irminger
cent atmospheric warming (Box et al.,, 2009; Christoffer- and Greenland Seas (Fig. 1), providing an ideal study area
son et al.,, 2011). An increase in melt water discharge afor this comparative approach. In the above-mentioned study,
the grounding zone would invigorate buoyancy-driven cir- Seale et al. (2011) examined patterns of front retreat for 32
culation along the front, entraining warmer ocean water andglaciers in East Greenland between 2000 and 2009 and found
increasing melt rates and, potentially, calving rates througha distinct contrast in retreat between those in south, which
undercutting (Motyka et al., 2003; Rignot et al., 2010). Suchunderwent widespread synchronous retreat followed by sta-
an increase in runoff is supported by an observed, ice sheebilization, and those in the north, which remained largely un-
wide increase in melt season (June—August) surface tempechanged. The transition between these two regimes, centered
ature, averaging 0.8 between 1997 and 2007 (Box et al., atapproximately 69N, corresponds with the northern extent
2009). There are, however, no direct observations of in-of warm subtropical waters transported within the Irminger
creased runoff leading to increase submarine melting. Ad-Current. The spatial correlation with this boundary, as well
ditionally, many glaciers underwent large-scale retreat in theas temporal correlation between glacier variability and vari-
winter months (e.g. Howat et al., 2008, 2011; Seale et al.ability in heat transport, suggests that retreat was primarily
2011), and no simple causality between runoff and front re-due to a circulatory change associated with this current.
treat is apparent from the existing data (Luckman et al., 2006; In this study, we add further constraints on the spatial
Seale et al., 2011). and temporal patterns of glacier change across this impor-
Finally, substantial inter-annual changes in these glacier¢ant transition zone. From a range of remote sensing data,
may be the result of glacier surging. Most of the marine- we construct time series’ of front position, surface elevation
terminating glaciers on Greenland’s east coast betweemnd flow speeds for all 38 marine-terminating East Greenland
Kangerdlugssuaq Glacier~68> N) and northern Scoresby glaciers wider than 2 km betweer65°34' N to ~71°53' N
Sound ¢72° N) have either shown surging behavior or are over the period 2000 and 2010 (Fig. 1). We examine tem-
expected to be surging glaciers based on their surface moporal and spatial variability in these records for patterns that
phology (Jiskoot et al., 2003). Both Alaskan-type surging may elucidate the mechanisms of change.
(i.e. surging induced by basal hydrology) and Svalbard-type
surging (i.e. surging induced by ice thermodynamics) have2 Data sources and methods
been observed in this region (Jiskoot and Juhlin, 2009), with
the latter thought to be more prevalent. Alaskan-type surgédur data sources include (1) visible and near-infrared
events are typified by acceleration lasting several month§VNIR) bands of the Advanced Spaceborne Thermal Emis-
to a year or more, followed by a sudden deceleration andsion Reflector and Radiometer (ASTER) and (2) panchro-
quiescent phase of several decades. In contrast, Svalbarfatic band imagery from the Landsat-7 Enhanced Thematic
type events typically have a shorter phase of acceleration aniflapper Plus (Landsat-7 ETM+), both spanning the period
longer phases of deceleration and periods of quiescence last000 to 2010. Sequences of imagery from both sensors were
ing centuries (Jiskoot et al., 2001). Unlike climate and oceant/sed to delineate front position and flow speed, and ASTER
induced change, however, there is no clear reason why théligital elevation models (DEM) yielded elevation change.
timing of surges should be synchronous between multipleMore detail regarding these measurements is provided below.
glaciers. Also, whereas dynamic thinning following retreat Imagery from Landsat-7 were obtained from the United
is due to increased along-flow ice stretching, thinning fol- States Geological Survey (USGS) Global Visualization
lowing a glacier surge occurs due to melting. This resultsViewer (GLOVIS, http:/glovis.usgs.ggv public archive.
in a distinctly different pattern of thinning; dynamic thin- ASTER orthoerectified images and DEMs (ASTDMO prod-
ning propagates inland from the front with acceleration while Uct) were obtained from the USGS Land Processes Data
thinning following a surge remains concentrated at low ele-Active Archive Center (LP DAAChttps://Ipdaac.usgs.gpv
vations, where mass balance rates are most negative, and Both sensors have a pixel resolution of 15m and nominal
concurrent with deceleration. Patterns of thinning thus farrepeat interval of 16 days, although higher temporal resolu-
observed for rapidly changing glaciers in the northwest andion is obtained due to overlap of the Landsat paths and by
southeast over the past decade have been associated with #8ing both ascending and descending passes. Unlike Land-
treat and acceleration, and shown a clear inland propagatiofdt, ASTER images are only acquired on-demand, so that
with accelerations, indicating dynamic thinning (e.g. Howat few images are available for a given glacier each melt sea-
et al., 2008; McFadden et al., 2011). son (Joughin et al., 2008). ASTER DEMs are created us-
One approach for determining which of the possible mech-ng nadir and backward-looking band-3 and 3N image pairs
anisms are responsible for recent glacier change in Greergcquired 57 seconds apart. Relative DEMs were produced
land is to compare spatial and temporal patterns of behaviowithout ground control and were later registered using off-
of a regional sample of glaciers with corresponding patternsS€ts over off-ice terrain (i.e. stationary bedrock). Following
in ocean and climate regimes. The East Greenland coadhis correction, DEM vertical accuracy is better than 10m
abuts the Denmark Strait, straddling the ocean circulatoryover glacier ice.
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Fig. 1. RADARSAT mosaic showing area of study; including Sermilik Fjord, Kangerdlugssuag Fjord, Geikie Plateau, Blosseville Coast, and
Scoresby Sound with relevant ocean currents in the region of study; red dots indicate each glacier; glaciers discussed in detail in the text are
indicated by yellow dots and numerals (1 = Midgard; 2 = Kangerdlugssuad; 3 = Frederiksborg; 4 = Sortebrae; 5 = Sydbrae; 6 = Daugaard-
Jensen); “IC” and the orange lines depict the Irminger Current; “EGC” and the blue lines depict the East Greenland Current; dotted lines
represent variations in each ocean current.

2.1 Front positions 2.2 Surface elevations

We utilized two methods for measuring the changes in glacieM/e extracted elevation profiles along flow line transects from
front position. In the first method, the entire front is dig- each glacier from the ASTER DEMs. Individual elevation
itized and the change in front position is calculated as theprofiles were manually edited for errors resulting from clouds
change in area of successive polygons formed by the interand spurious elevations resulting from failure of the DEM
section of the front and a reference polygon, divided by thegeneration software. The data were then vertically registered
glacier width (i.e. the “Box Method”, e.g. Moon and Joughin, by subtracting offsets over ice-free terrain. Multiple eleva-
2008; Howat and Eddy, 2010; McFadden et al., 2011). In thetions for a given year were averaged together to give a single
second method, the front position is simply mapped at the in-elevation profile for each year in the time series.

tersection of front with the glacier flow line. The first method

is less arbitrary because it accounts for asymmetric varia2.3 Surface speeds

tions in front shape, but this method is not practical for large )
numbers of glaciers and images and cannot be used whefYe extracted glacier surface speeds from ASTER and Land-

the front is only partially visible. The centerline method, in S&timage pairs collected between 10-90 days apart using the
contrast, is far less labor intensive and measurements calfMATCH/MIMC Repeat Image Feature Tracking (RIFT)

be made when the front is partially obscured by clouds. Software distributed by the Glacier Dynamics Group at The
This method, however, only captures variability at a singIeOh'O State University. A detailed description of the software,

point along the front and therefore may effectively representincluding a full error assessment and validation, is given in

change. In order to test the sensitivity of our results to eithe*Nn @nd Howat (2011). Here we examine a time series of
method, we mapped the fronts of three glaciers using botiVerage surface speeds taken from a point along the central
methods (Midgard, Kangerdiugssuag, Sortebrae). The twdloW line approximately 10 km from the most retreated front
methods yield front position changes that differed, on an qyosition o_f each gIa_C|er. Error in this method varies with time
erage, by+0.1 km, which is comparable to the measurementP&tween image pairs, and are less than Tinfdr the data
error. Further, and more importantly, the temporal variationSed in this study (Ahn and Howat, 2011).

between the methods is nearly identical. We therefore used

the more efficient centerline method to generate our dataset.
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214 K. M. Walsh et al.: Central east Greenland marine-terminating glaciers

Table 1. Each study glacier, listed by latitude, with terminus retreat, surface elevation change, average speed, and change in surface speet
(positive values indicate acceleration; negative values indicate deceleration) at a point 15 km from each glacier’'s most retreated terminus ovel
the 2000-2010.

Latitude (deg) Glacier Name Max. Terminus Retreat (km)  Thinning 15 km Upglacier (m) ~ Average Sfc. Speet) (m@hange in Sfc. Speed (n7d)
66.3 Helheim 7.8 no data 15.4 8.8
66.38 Fenris 16 3 3,6 2.7
66.45 Midgard 7.7 62 6.8 9.4
66.48 Midgard Nord 1.0 33 1.0 -0.7
66.57 Steenstrup 0.9 5 2.3 0.8
66.78 Tasiliaq 15 19 5.0 -1.3
67.25 Kruuse 3.1 46 2.9 -39
67.45 Nordre 3.4 42 no data no data
67.88 Polaric 2 15 no data 1.9 -04
67.97 Polaric 1 0.4 17 3.9 1.0
68.28 Frederiksborg 14 no data 4.2 -3.0
68.33 Sorgenfri 0.3 no data 1.2 -19
68.4 Christian IV 0.3 31 4.3 0.0
68.41 Nordfjord 0.2 18 0.3 0.3
68.5 Rosenborg 1.7 no data 1.2 2.4
68.53 Courtauld 0.4 12 no data no data
68.57 Kronborg 2.1 no data 4.4 -3.9
68.63 Borggraven 14 16 3.1 -1.3
68.63 Kangerdlugssuaqg 6.3 156 13.7 13.5
68.73 Sortebrae 5.2 43 0.6 -0.2
68.78 Johan Petersen 1.2 no data 0.0 0.0
68.88 Storbrae 1.8 27 1.4 0.0
68.98 De Reste Bugt 1.0 41 1.7 2.8
69.25 Barclay Bugt 1.1 31 0.6 —2.4
69.32 Dendrit 0.6 17 1.9 2.8
69.63 Bartholinsbrae 0.9 10 0.2 0.2
69.87 Steno Brae 0.4 15 0.1 0.0
69.95 West Krista Dan 0.8 -7 17 0.3
69.96 Krista Dan 0.4 6 0.8 0.0
69.97 Magga Dan 0.1 7 5.9 -18
70.17 Sydbrae 0.4 22 21 4.4
70.27 Bredegletscher 1.2 36 3.7 -0.8
70.37 Vestifjord 1.8 no data 5.3 -0.7
70.47 Dodebrae 0.2 11 0.2 0.0
70.6 Rolige Brae 0.9 9 2.0 -34
71.17 Eilson 0.2 10 0.3 -1.4
71.9 Daugaard-Jensen 1.4 3 9.5 6.0

3 Results over the time period was 1.6 km, with the largest change ob-

served to be 9.2 km from 2000 to 2010 (Midgard Glacier).
We find a wide range in glacier behavior across our studyGreater front retreat is found from Sermilik Fjord to the Blos-
area over the past decade. In general, our results corrobgeville Coast, with 14 of the 25 glaciers in this area retreat-
rate the findings of Seale et al. (2011) of a contrast in inter-ing > 1.0 km over the time period. The mean total retreat of
annual glacier behavior north and south of BB A greater  glaciers in this region of the study area was 2.1km, while
magnitude of change, especially in magnitude of front re-the mean total retreat of glaciers terminating into Scoresby
treat, occurred on and to the south of the Blosseville Coastsound and Gasefjord (inner Scoresby Sound) and further
In contrast, we find little change occurred on the glaciersnorth was<0.5 km. The large retreats of a few glaciers, how-
on the northern portion of the Geikie Plateau and Scoresbyver, skew the mean front retreat; the median retreat for all
Sound. Table 1 summarizes terminus retreat, surface eleva7 glaciers in the study area was 0.9 km. Nearly half of the

tion change and average surface speed for each glacier. Wgiaciers retreated 1.0 km or more during the time period.
first summarize the results for each observed parameter and

then provide more detail by sub-region. 3.2 Overview of surface elevation changes

3.1 Overview of front position changes

Surface elevation changes were much more variable and not
All 37 glaciers retreated between 2000 and 2010, but theas spatially consistent as changes in front position. We ob-
magnitude of retreat was highly variable, ranging from serve generally no change on the glaciers terminating into
<0.1kmto 9km (Fig. 2). The mean retreat for all 37 glaciers Scoresby Sound and its channels north of the eastern-most
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Fig. 2. Change in front position (2000-2010) for all marine- Fig. 3. Change in surface elevation (all values negative) (2000—

terminating outlet glaciers in this analysis. Circles indicate the lo- 2010) for all marine-terminating outlet glaciers in this analysis.

cation of each glacier and colors indicate magnitude of retreat. ~ Thinning measured at 15 km from most retreated front position. Cir-
cles indicate the location of each glacier and colors indicate magni-
tude of thinning (black circles indicate no data available).

point of the Geikie Plateau peninsula {BON, 22°3' W)

(Fig. 3). For glaciers south of 79N, rates of thin-

ning 15km inland of the front varied from10m of thin-  speeds varying seasonally between 61h éh the summer

ning to roughly 155 m of thinning between 2000 and 2010.to near stagnation in the winter. Kangerdlugssuaq Glacier

For glaciers north of 7® N, thinning rates varied from displayed the largest range in its surface speed as a result of

approximately 10 m of thickening to 35m of thinning be- its sustained acceleration between 2004 and 2006, acceler-

tween 2000 and 2010. Only two glaciers thickened, on theating from 10 md? to 27 md-1. Maximum surface speeds

order of 5—7 m, both of which were located north of 90N. occurred in the summer for all glaciers, with a mean maxi-
Figure 5 shows elevation profiles for 7 glaciers in this datamum summer surface speed of 7.5mdor all glaciers in
set. the study.

3.3 Overview of surface speed changes 3.4 Spatial patterns of glacier change

Surface speeds varied both spatially and temporally, with theHere we discuss differences in glacier change between the
highest speeds measured on Kangerdlugssuaq and Helheitree major sub-regions of the study area, with several
glaciers during periods of acceleration between 2005 andjlaciers discussed in detail to highlight regionally representa-
2006 (Fig. 4) (e.g. Howat et al., 2008a; Joughin et al., 2008itive behavior. The regions are presented from south to north.
Luckman et al., 2006). Many of the glaciers in this study

exhibit seasonal variability in surface speed, oscillating on3.4.1 Sermilik Fjord to Kangerdlugssuag Fjord

the order of-7 m per year, especially in the Scoresby Sound

region north of the Geikie Plateau. For example, DaugaardThis area underwent the greatest magnitude of change in
Jensen Gletscher had speeds varying annually by 25 % (belynamics (i.e. front retreat, thinning, surface speed), par-
tween 7.5 and 11 md), while Rolige Brae had surface ticularly in the magnitude of front retreat. Unlike glaciers

www.the-cryosphere.net/6/211/2012/ The Cryosphere, 6, 2220, 2012
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Fig. 4. Average surface speeds (in mb for all marine-  Fig. 5. Elevation profiles for seven (7) marine-terminating outlet

terminating glaciers in the data set. Circles indicate the location Ofg|aciers in the dataset. Latitude increases from top to bottom, start-

each glacier and colors indicate magnitude of glacier speed (blackng with Midgard Glacier (6626 N, 36°45 W) to Daugaard Jensen

circle indicates no data available). Glacier (7254 N, 2836 W). Elevation profiles show annual aver-
age elevation from the terminus upglacier to the accumulation zone
for each glacier.

draining the Geikie Plateau to the north, these drain di-
rectly from the central Greenland Ice Sheet. Peak rates of

.—and an additional retreat of 1.5km. The most significant
front phange qccurred between 200.3 and 2095’ Su.gg.esun&inning occurred below 1000 ma.s.l. and within 4go km of
a regional forcing that was at a maximum during this time. the terminus; the glacier thinned roughly 100 m from 2000
The mean front retreat of glaciers in this subset was 2.9 km

and the median front retreat was 1.6 km. The average thinto 2010 at 10km from the terminus, decreasing up-glacier.

. . : . This rate of thinning was consistent with the pattern of front
ning observed 15 km inland of the glacier terminus was 28 m, ; : ;
) . : retreat throughout the time series, with an overall accelera
and the elevation profiles (Fig. 5) for roughly half of these

: . . = .~ tion in both front retreat and thinning occurring in late 2007
glaciers show evidence of extensive thinning (i.e. mean thin-

ning at 15 km from the glacier terminus30 m). The mean into 2008. Surface speeds increased from roughly 4t d

. . . in 2000 to 9md? in 2009 at a center point roughly 5km
maximum surface speed was 8.8 mdwith a median max- . o "
. . up-glacier from the glacier's most retreated position.
imum surface speed of 7.7m# All maximum surface

speeds occurred in the summer months.

3.4.2 Blosseville Coast
Midgard Glacier, which terminates into the northeast

channel of Sermilik Fjord, underwent the largest magnitudeThe glaciers along the Blosseville Coast display the high-

of change in front position, thinning, and surface speed ofest degree of spatiotemporal variability in changes in front

the glaciers sampled (Fig. 6). The rate of inter-annual retreaposition, thinning, and surface speed. While most glaciers

of Midgard increased in 2003, with a pronounced patternunderwent substantial change, there was no clear temporal
of seasonal advance-and-retreat lasting through 2007. Beor spatial pattern. On average, glaciers in this region re-

tween early 2008 and late 2009, the glacier retreated 4.0 kntreated by 1.6 km, with a median retreat of 0.9 km and a me-

before a brief period of re-advance in late 2009/early 2010dian thinning of 22 m. Thinning rates were highly variable,

The Cryosphere, 6, 211220, 2012 www.the-cryosphere.net/6/211/2012/



K. M. Walsh et al.: Central east Greenland marine-terminating glaciers 217

Fig. 6. Landsat-7 ETM+ image from 2000 showing progression
of retreat in 2005 and 2010 at Midgard; the glacier has retreate
roughly 9 km since 2000.

Jig9. 7. Landsat-7 ETM+ image from 2000 showing progression
of retreat in 2005 and 2010 at Kangerdlugssuagq; the glacier has
retreated roughly 7 km since 2000

with dynamic thinning (as identified by rapid acceleration

followed by extensive thinning and stretching originating at 3€9inning in 2007, however, the glacier began to show a

the front) evident on 2 of the 14 glaciers in this area. Thel2r9e seasonal cycle in speed, from near stagnation in the

. 1 . . . . . .
greatest thinning was observed at Kangerdlugssuag (160 my/inter to 13md = in mid-summer, coinciding with the large

The mean (median) maximum surface speed was 7.4md Seasonal variation in front position. Several glaciers in this
(5.9md1). All maximum surface speeds occurred in Juneregion have been previously identified as surging glaciers,
or July. and two examples of surging behavior are evident in this

Kangerdlugssuag and Frederiksborg are examples of tw§udy: Sortebrae and Johan Petersen. Sortebraé 468, _
glaciers in close proximity to one another that display con-28 29 W) surged in the mid 1990's (e.g. Jiskoot et al., 2001;

trasting behavior. Kangerdlugssuacrié km wide and ter- Jiskoot ar11d Juhlin, 2009) and retregted stegdily _at roughly

minates into a 40km long fiord (Fig. 7). Several studies 200 MYr ™ from 2000 to 2010. Consistent with this steady

have documented its large, inter-annual retreat, acceleratioF?_treat’ the glacier thlnr_led 60m W'th,'n 15 k,m of |t.s fr_on_t
7 with no resolvable thinning above. Since this glacier is in

and thinning (e.g. Luckman et al., 2006; Howat et al., 2007, ) X i ) .
2011). This glaciers front oscillated seasonally by almost? duiescent period of surge behavior (Jiskoot et al., 2001,

2 km between 2000 and 2004. Between late 2004 and eari/!urray et al., 2002) surface speeds were relatively slow,

2006, Kangerdlugssuaq retreated roughly 5km. During reJ@nging from near stagnation to 3mY with slight sea-

treat, the glacier accelerated from roughly 12 ¢h 2000 sonality. Johan Petersen (5618”.N, 26'23 W), directly east
to 27md1 in 2006 and thinned more than 150 m near the of Sortebrae, retrgated steadily _at roughly 120 rTerfr(_)m_ .
front. Thinning propagated up-glacier following the period 2000 to 2010, which may be evidence that the glacier is in

of acceleration. Kangerdlugssuaq's surface speeds slowelii€ duiescent phase of a surge cycle. The glacier thinned
following the 2005-2006 acceleration, and the glacier re_roughly 20 m within 15 km of its most retreated terminus po-

advanced to approximately 7 km from its position in 2000. sition between 2000 and 2006, with no elevation data avail-
Frederiksborg is a much narrower glacier, terminating intoable at this point for 2007 through 2010. Surface speeds

the same fjord as Kangerdlugssuaq at two calving fronts sepl©" this glacier were very low, and ranged from stagnation
less than 0.5 md, with no seasonality evident. Addi-

arated by a nunatak. Frederiksborg retreated roughly 1.5 kniP

from 2000 to 2004, and has maintained a steady pattern ofo"ally previous studies have identified Dendrit {68 N,
a 0.7 km seasonal oscillation since 2005. This glacier hadt> 10'W) and Borggraven (686 N, 284’ W) glaciers as

negligible elevation change over the study period and Surprobable surging glaciers, but we find no resolvable change

face speeds were relatively stable from 2000 to 2006, varyi" Surface elevation to support this.
ing between 3 and 5ntd, with no observed seasonality.

www.the-cryosphere.net/6/211/2012/ The Cryosphere, 6, 222120, 2012
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3.4.3 Scoresby Sound there, ocean waters north of 69 showed much smaller
variability and rarely exceed®. Warming below 69N is
The glaciers terminating into and north of Scoresby Soundattributed to increased transport of subtropical water within
exhibited relatively little change in front position, thinning, the Irminger Current. This leads to the conclusion that
and surface speed. The mean (median) front retreat ofhe dominant forcing of regional-scale spatial variability in
glaciers in this subset was 0.5 km (0.3 km) with strong sea-glacier behavior is variability in ocean heat transport.
sonal variations in front position and speed. The mean While there is a clear latitudinal contrast in the magnitudes
(median) maximum surface speed was 6.6Th (5.3 md ! of change, the relative magnitudes of thinning and retreat var-
at Vestifjord Glacier). Daugaard-Jensen Gletscher showeged substantially from glacier to glacier. These differences
the greatest seasonal amplitude in front positisr km),  could be the result of differences in glacier geometry, such as
while its inter-annual mean front position, however, has notgradients in width and ice thickness near the ice front (Mc-
changed since 2000. The glacier thinned approximately 30 nFadden et al., 2011). This may be the explanation for differ-
below 400 m elevation, with negligible thinning at higher el- ences in behavior between, for example, Kangerdlugssuaq
evations. Daugaard-Jensen Gletscher is also the fastest mosnd the neighboring, much narrower, Frederiksborg. Dif-
ing glacier observed in the Scoresby Sound region, with aferences amongst glaciers in the northern half of our study
maximum speed of 11 ntd in June 2006 and a strong sea- area may be linked to glacier surging. Active surge behav-
sonal pattern of acceleration and deceleration mimicking theor, however, has only be observed at one marine-terminating
cyclic pattern of front advance and retreat. glacier in the study region; Sortebrae {88 N, 26°59 W),
which surged for roughly 19-35 months from 1992 to 1995
following a quiescent phase of between 39—-49 years (Jiskoot
4 Discussion et al., 2003; Murray et al., 2002). Other studies (e.g. Wei-
dick, 1988; Jiskoot et al., 2003; Jiskoot and Juhlin, 2009)
Changes in the front positions, surface elevations, and suthave identified morphological signs of Svalbard-type surg-
face speeds of 37 marine-terminating glaciers in central eashg on other glaciers in this region, including Dendrit and
Greenland indicate that, consistent with the results of Seale e8orggraven glaciers along the Blosseville Coast. Beyond
al. (2011), glaciers south of the Blosseville Coast thinned andhe rapid post-surge thinning of Sortebrae and sustained re-
retreated more extensively than glaciers terminating into thereat of Johan Petersen Bugt, we find no additional evidence
Scoresby Sound to the north. Additionally, we identify dy- for surge behavior in our dataset. As suggested by Jiskoot
namic thinning of roughly half of the glaciers between Ser- and Juhlin (2009) this lack of active surging may reflect the
milik and Kangerdlugssuaq fjords, with the most dramatic ong, century-scale quiescent phase of Svalbard-type surging
examples being Helheim, Kangerdlugssuaq and Midgardylaciers. If so, Sortebrae’s Alaskan-type surging is anoma-
Glaciers. Dynamic thinning is mostly confined to the south lous, possibly reflecting some unique condition of basal to-
of Kangerdlugssuaq Glacier, where mean and median surfageography and hydrology. Regardless, such local variability
speeds are the highest. appears to overprint upon the larger, ocean-forced regional
The ten outlet glaciers on the coast from Sermilik Fjord to pattern of change.
Kangerdlugssuagq fjords all underwent accelerated retreat fol-
lowing 2003, a year of anomalously high air and sea surface
temperatures along the southeast Greenland coast (Howat Bt Conclusions
al., 2008a). Consistent with a loss in flow resistance due to
this retreat; these glaciers underwent acceleration and thin©ur analysis of changes in 37 marine-terminating glaciers
ning. In contrast, glaciers of Blosseville Coast displayedbetween Sermilik Fjord and Scoresby Sound on Greenland’s
a high spatial variability, possibly linked to surge behavior, central east coast over the past decade confirm widespread
while glaciers of Scorebsy Sound displayed little change. Asretreat and acceleration on glaciers below B9with little
pointed out by Seale et al. (2011), increases in surface ainter-annual change to the north. This pattern supports the
temperature were similar over the East Greenland coast, sconclusions of Seale et al., 2011 that accelerated melting and
the latitudinal pattern does not appear to be directly linkedcalving of glacier fronts in southeast Greenland is linked to
to atmospheric warming. Instead, oceanographic reanalysishanges in coastal ocean heat transport associated with vari-
model output from the NEMO ocean model, the OPA9 oceanability in the Irminger Current. While glacier behavior south
model, and the LIM2.0 sea ice model used in the study byof Kangerdlugssuaq Glacier was relatively uniform, we find
Seale et al. (2011) show a distinct warming of deep coastaf higher degree of variability between glaciers of the Blos-
waters south of 69N between 1996 and 2004, followed by seville Coast that could be the result of a greater influence of
cooling until 2008, which is consistent with observed glacier individual glacier morphology over external forcing and/or
front variability; refer to Seale et al. (2011) and referencessurge behavior.
therein for more details concerning this ocean model reanal- While this analysis suggests that oceanographic forcing
ysis. In contrast, and consistent with little glacier changeis the dominant control on glacier change south of I89
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observations of glaciers in this region and of the surrounding spheric conditions, The Cryosphere, 5, 701-72b4,10.5194/tc-
ocean are still too limited to state definitively that changing  5-701-20112011.

ocean dynamics are the sole regional forcing affecting glacieHanna, E., Cappelen, J., Fettweis, X., Huybrechts, P., Luckman, A.,
change in this region. To conclusively test this hypothesis, and Ribergaard, M. H.: Hydrologic response of the Greenland
more information is needed about changes in the subsurface g;Se s%h%%tzztgggole of oceanographic warming, Hydrol. Process.,
oce.anOQraphIC conditions alpng the .C(.)ntmental shelfand, esl:|olla,nd, D.,, Thomas, R., De Young, B., Ribergaard, M. H., and Ly-
pecially, closer to outlet glacier termini.

. . . . berth, B.: Acceleration of Jakobshavn Isbrae triggered by warm
The methods used in this study to quantify glacier change subsurface ocean water, Nature Geosci., 1, 659—-664, 2008.

in central east Greenla_nd can be applied to other areas whe_%waty I. and Eddy, A: Multidecadal retreat of Greenland's
outlet glaciers are being assessed for ongoing changes in marine-terminating glaciers, J. Glaciol., 203, 389-396, 2010.
front position, surface elevation, and surface speed. HowHowat, I., Joughin, I., and Scambos, T.: Rapid Changes in Ice
ever, the methods and imagery used in this analysis have Discharge from Greenland Outlet Glaciers, Science, 315, 1559,
limitations. The east Greenland coast is often obscured with 2007.
clouds for much of the year, making it difficult to have a Howat, I., Joughin, I., Fahnestock, M., Smith, B., and Scambos,
complete time series of Landsat-7 ETM+ or ASTER im- T.: Synchronous retreat and acceleration of southeast Greenland
agery over a particular location. Future studies should incor- gug?t glag'frg j:ogééoggage dynamics and coupling to climate,
porate all-weather and all-year synthetic aperture radar datﬁ - ©218C., 54, BA5-000, >a. ]
and high-resolution commercial satellite imagery to provide owat, I, Smith, B., Joughin, ., and Scambos, T.: Rates of
. .o southeast Greenland ice volume loss from combined IceSAT
a much more complete picture of change. Additionally, ele-

A - ] ] and ASTER observations, Geophys. Res. Lett., 35, L17505,
vation data collected by airborne laser altimetry acquired as  {j:10.1029/2008GL034498008b.

part of NASA's Operation IceBridge initiative will provide Howat, I., Box, J. E., Ahn, Y., Herrington, A., and McFadden, E.

a sufficient alternative to using moderate resolution ASTER M.: Seasonal variability in the dynamics of marine-terminating

digital elevation models for measuring changes in glacier sur- outlet glaciers in Greenland, J. Glac., 56, 601-613, 2010.

face elevation. Howat, |., Ahn, Y., Joughin, I., van den Broeke, M., Lenaerts,
J., and Smith, B.: Mass balance of Greenland’s three largest
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